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ABSTRACT
The potential for Fe(III)2O3 nanoparticles to participate in the molecular growth and
particle inception of soot from 1-methylnapthalene (1-MN) was studied in a dual-zone, hightemperature flow reactor. An iron substituted, dendrimer template was oxidized in the Zone 1
reactor to generate ~5nm Fe(III)2O3 nanoparticles, that were continually seeded to a high sooting
1-MN fuel under oxidative pyrolysis conditions. The Fe(III)2O3 nanoparticles could then
influence the otherwise gas-phase reactions of 1-MN. Increased PAH formation, soot number
density, soot mass yield, and soot radical intensity were observed as a result of Fe(III)2O3
nanoparticle introduction prior to soot inception.
Low Temperature Matrix Isolation-Electron Paramagnetic Resonance (LTMI-EPR)
spectroscopy was used to determine the superimposed signal of particulate from the oxidative
pyrolysis of 1-MN. The EPR spectrum of particulate was found to be a mixture of organic
carbon-centered radicals, oxygen-centered radicals, and soot. The carbon-centered radicals were
identified through simulation of the hyperfine structure to be the resonance-stabilized indenyl,
cyclopentadienyl, and naphthalene 1-methylene radicals. The species of iron oxide nanoparticles
generated from the iron substituted dendrimer was also determined with the LTMI-EPR
technique to be Fe(III)2O3 nanoparticles clusters and superoxide anion-radicals, O2•- adsorbed on
nanoparticle surfaces in form of Fe (IV)-O2•-. Superoxide anion-radicals initiate radical chain
reactions through abstraction of hydrogen whereas Fe(III)2O3 nanoparticles are capable of the
stabilization of the initially formed radicals species. Subsequent formation of soot also resulted
in a partial reduction of the Fe(III)2O3 nanoparticles.
These studies contained herein suggest Fe(III)2O3 nanoparticles can mediate the
formation and stabilization of resonance stabilized radicals and subsequent reactions can result in

xiii

the molecular growth of PAHs into soot. At the high concentrations in the flow reactor, these
resonance–stabilized free radicals can undergo surface-mediated, radical-radical, molecular
growth reactions and contribute to molecular growth and soot particle inception.

xiv

CHAPTER I. INTRODUCTION
Particulate matter (PM) is a complex mixture of liquid droplets and particles composed of
both organic and inorganic substances. These organic and inorganic substances can include
acids (such as nitrates and sulfates), organic chemicals (such as polycyclic aromatic
hydrocarbons PAHs), metals, soil, dust, pollen, water, and soot. The chemical properties of PM
vary depending on the source of particulate. Since the chemical composition is dependent on the
point source, PM is categorized by size rather than the chemical composition. Particulate matter
is divided into two main categories based on the aerodynamic diameter of the particles. The
coarse fraction contains large particles with a size ranging from 2.5 to 10 µm (PM10-PM2.5) and
the fine fraction contains particles with a size up to 2.5 µm.
Anthropogenic emissions from fossil fuel combustion are the main contributor to PM2.5
concentrations, with most of the primary contributions originating combustion from automobiles,
power plants, wood burning, industrial processes, and diesel powered vehicles [1, 2]. The origins
of particulate emissions from combustion sources can be classified in three major categories: 1)
fly-ash formation by abrasion/attrition of solid fuels [3, 4], 2) vaporization followed by homoand heterogeneous metal, organic, and mineral condensation to form particles of varying
compositions and structures [5-9], and 3) soot formation via homogeneous, gas-phase nucleation,
molecular growth, and aggregation/agglomeration of organic species [10, 11].
Soot is a well classified fraction of particulate matter defined by its distinctive
microstructure of small spherical particles and globular coalesced aggregates of ~30 nm in
diameter accumulated into chains of several hundred nanometers in length. Soot formation via
homogeneous nucleation/molecular growth to form nano-, submicron-, and supermicron particles
is a very active area of research, and there has been recent progress on the mechanism of
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molecular growth through resonance-stabilized, odd-carbon organic species, and the role of tarlike organic carbon in particle formation [12-21].
1.1 Environmental and Health Implications of Soot
A detailed fundamental understanding of the soot formation mechanism will provide the
capability to minimize and/or eliminate the environmental and health impacts associated with
soot. Soot is a major component of particulate, representing up to 20% of PM2.5 and up to 50%
of DPM [22-24]. Often referred to as black carbon because of its optical properties, soot affects
the Earth’s radiation balance by absorbing radiation and subsequently trapping heat [25, 26].
Due to these optical properties, soot emissions are now considered the number two contributor to
global climate change with global emission estimates of sub-micrometer soot particles as high as
12-24 Tg/year [27, 28].
New regulations, set forth by the Environmental Protection Agency (EPA) in 2012 for
industries, set an annual emission standard of soot at 12 µg/m3. The rule was adopted because of
the strong correlation between adverse human health effects and exposure to soot-containing
particulate matter. The adverse human health effects associated with soot-containing PM2.5
exposure are a direct result of sub-micrometer particles being transported deep into the
respiratory system while carrying known carcinogenic compounds [29-32]. Studies indicate a
relationship between exposure to soot-containing airborne PM2.5 and cardiovascular events
including heart disease, cardiac arrhythmias, congestive heart failure, and respiratory events
including asthma, respiratory mortality, oxidative stress, cancer, and even death [33-38]. The
elderly with heart and lung ailments and children with developing systems are most susceptible
to these ill effects.
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Since particulate matter is a complex mixture of multiple components, the exact
progenitor responsible for these adverse human health effects has not been conclusively
identified and is still a large focus of ongoing research. A new emerging area of research has
focused on the persistent nature of organic radicals stabilized by metal oxides or environmentally
persistent free radicals (EPFRs). The resistivity to oxidation and the stabilization provided by
the metal oxide results in a radical that is persistent in the environment almost indefinitely and
this fact may hold the key to understanding the adverse human health effects associated with
airborne PM2.5. Regardless of the origin source, these EPFRs are found associated with all
particulate matter. Airborne PM2.5 is of the size range that can enter the respiratory system and
be transported into the lungs. These EPFRs have been recently associated with the initiation or
formation of hydroxyl radicals, a harmful species for cellular components [39-43]. A detailed
fundamental understanding of the role of metal oxides in the molecular growth and particle
inception of soot will provide a mechanistic understanding that may be used to minimize and/or
eliminate the environmental and health impacts associated with soot.
1.2 Homogenous Soot Formation Mechanism
Currently, the homogenous mechanism of soot formation includes: formation of the first
aromatic ring, gas-phase molecular growth of first aromatic to a polycyclic aromatic
hydrocarbon (PAH) and larger PAH species, particle nucleation, molecular growth, and
agglomeration. The chemical reaction pathways associated with soot formation begin with the
formation of molecular precursors and their growth to the first aromatic species. Both odd and
even-carbon entities have been identified as molecular precursors capable of participation in the
formation of the first aromatic species [10, 44-50].

3

Odd Carbon Pathway
C3H3 + C3H3  C6H6

reaction 1

Even Carbon Pathway
C4H5 + C2H2  C6H6 + H

reaction 2

The addition of acetylene (C2H2) to the 1,3-butadienyl radical (C4H5) as well as the formation
of C6H6 via combination of the propargyl radical (C3H3) were shown to result in the formation of
the first aromatic species [10, 51-53]. However, either of these formation pathways
simultaneously addressed the observations of acetylene as the most abundant hydrocarbon as
well as the stability of the propargyl radical in flames. A new reaction method evolved for the
initial formation of aromatic species to incorporate both observed even and odd carbon pathways
in which the addition of acetylene to the propargyl radical resulted in the formation of the
cyclopentadienyl radical (cf. reaction 3)[10, 51, 54]. Once formed the cyclopentadienyl radical
reacts rapidly to form benzene.
C3H3 + C2H2  C5H5

reaction 3

After the initial ring formation subsequent growth of PAHs from a single aromatic species
can proceed by the repetitive reaction sequence of hydrogen abstraction followed by acetylene
addition. Often referred to as the HACA mechanism, this process describes the growth of
aromatics through the gas phase abstraction of hydrogen from a hydrocarbon site followed by the
addition of acetylene to the newly formed radical site (cf. reaction 4,5) [46]. This pathway
incorporates the most abundant hydrocarbon intermediate, acetylene, with the driving force
responsible for chain branching and flame propagation, the hydrogen atom [55].
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HACA Model
Ai + H 
Ai- + C2H2

Ai- + H2

reaction 4

 products

reaction 5

Where Ai denotes the aromatic molecule with i aromatic rings, and Ai- is the radical. The
hydrogen atom initially activates the molecular by the formation of the radical and subsequent
addition of acetylene (C2H2) results in larger aromatic species.
Resonance stabilized intermediates, such as the propargyl and cyclopentadienyl radicals,
have also been identified for their capability to grow aromatic rings into PAHs [56]. Growth of
naphthalene from cyclopentadienyl radical dimerization is presented in reaction 6 [57]. The
formation of high molecular weight PAHs proceeds via PAH coagulation/radical recombination
and simultaneous growth at the edges through acetylene addition [53, 56, 58].
Particle inception associated with the transition of relatively low mass-molecular weight
gas phase species to solid particles is often depicted by the growth of PAHs into curved,
fullerene-like structures [55]. Although little experimental evidence is available regarding
particle nucleation, the current model implicates collision between PAHs and subsequent
dimerization and trimerization reactions as the major route to larger PAH formation and eventual
particle nucleation [10]. This model of soot nucleation was adopted to incorporate the PAH
dimerization mechanism and simultaneous molecular growth at the edges of the PAH species via
chemical reactions with gas-phase precursors [10, 55]. Gas-phase collisions between PAH
species and simultaneous growth through the HACA mechanism occurs until a critical size is
reached and nucleation occurs.

5

reaction 6

After soot particle inception, soot can undergo growth by surface reactions, coalescence,
and agglomeration from gas phase species and other soot nanoparticles [52, 58]. Soot, now a
spherical particle, can collide with other soot particles resulting in the formation of larger
coalesced particles [10]. Finally, subsequent agglomeration of soot particles results in chainlike aggregates.
Although the mechanism of soot formation is generally accepted, questions still remain
over the transition from solely gas-phase species to solid particles. This problem is magnified by
the inability to ascertain valuable experimental evidence on the time scale of nucleation. Due to
limited experimental opportunities, simulations are utilized to understand the phenomenon of
soot particle inception. The purely gas-phase molecular growth model associated with the
HACA mechanism was initially suggested to result in particle nucleation was shown to be too
slow when compared to the time scale of soot particle inception [10] and resulted in PAH
dimerization being accepted as the initial step in soot nucleation. The electrostatic and
dispersive forces were found to be strong enough to allow dimerization even at the elevated
temperatures associated with the flame [59]. However, based on the boiling/sublimation
6

temperatures of the larger PAHs, these PAHs should not condense but rather evaporate at flame
temperatures. Chemical coalescence reactions between aromatic molecules and aryl radicals
have also been suggested to result in particle nucleation. However, post-flame nucleation was
found to occur even though the H atom concentration was too low to form aryl radicals. These
discrepancies in the mechanisms of soot particle inception suggest additional pathways may be
plausible.
1.3 Nature and Origin of Combustion Generated Particulate Matter
Although the current soot formation mechanism addresses homogeneous
nucleation/molecular growth pathways, this mechanism fails to account for heterogeneous
pathways that have been found relevant in the formation of other pollutants. The zone theory of
combustion and thermal processes was developed to correlate the fundamentals of the
combustion process with the formation pathways and origins of particulate during combustion
[60, 61]. In zone 1 (pre-flame zone), the fuel or combustible precursors are vaporized at
temperatures ranging from ambient temperatures up to 1200˚C at short residence times and lean
air conditions. At the higher temperature end of this zone, hydrogen peroxide and peroxy chain
branching intermediates are formed through several low energy pathways prior to combustion
[62, 63]. In the second zone (flame zone) temperatures exceed 1200˚C and fuel undergoes
dissociation reactions resulting in the formation of the most thermodynamically stable endproducts, mainly the complete combustion byproducts CO2, H2O, and NOx. Although most of
the reactants undergo complete combustion, this zone is associated with the formation of soot
and other organic pollutants that result from pyrolysis pockets or areas within the flame that are
deficient in oxygen as a result of poor fuel/air mixing [50, 64]. In this zone, metals are rapidly
vaporized. The third zone is the post-flame thermal zone with temperature ranging between 600-
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1200˚C, residence time on the order of a few seconds where both oxygen-rich and oxygendeficient regions exist. Metals vaporized in the flame zone begin to condense. In this zone,
molecular growth dominates through radical-radical and radical-molecule pathways, leading to
formation of brominated and chlorinated hydrocarbons, as well as the molecular growth of PAHs
and soot [65-67].
Zone 4, the cool zone, is outside and is characterized by temperatures ranging from 200600˚C. In this zone, gradual cooling of the gas temperature occurs at longer residence times
upwards of 10 seconds. Both oxygen poor and oxygen rich conditions can occur within this
zone. Chemistry is dominated by heterogeneous surface reactions on sulfates and metals/metal
oxides in this zone. This zone has been associated with the formation of partially oxidized
products such as oxy-PAHs, oxychloro-PAHs, nitro-PAHs, and polychlorinated dibenzo-pdioxins (PCDD) and dibenzofurans (PCDF) [68-70].
While the gas-phase soot formation mechanism has been extensively studied, no studies
have considered the contribution of heterogeneous metal/organic/inorganic condensation
processes that result primarily in nanoparticle formation to the molecular growth/particle
inception of soot [9, 71, 72]. A significant fraction of inorganic combustion-generated fine
particles are formed via post-combustion condensation of relatively non-volatile species that
were vaporized within the high-temperature flame zone [9, 19, 72]. These include suboxides of
silica and alumina, SO2 converted to non-volatile sulfates, moderately volatile species of
common metals such as Ni, V, Fe, Zn, and Cu, and some high-molecular weight organics[6, 8,
71, 73-76]. It is also well accepted that seed nuclei are necessary (due to the Kelvin effect
which reduces the vapor pressure of species on surfaces) for more volatile species to condense
into particles. Although sulfates are the most frequently identified seed nuclei, there is evidence
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that metal sulfate, oxide, or chloride species are equally or more responsible [71, 73]. The
contribution of heterogeneous condensation processes to the molecular growth/particle inception
of soot is further supported by the association of metals with particulate from diesel, heavy oil,
and coal combustion.
1.3.1 Diesel Fuel Combustion
Approximately 92% of the particles emitted from diesel engines are less than 1.0 μm in
diameter with 62% and 38% of these emissions on roadways originating from diesel and gasoline
vehicles [77]. The diesel particulate matter (DPM) is separated into three modes based on the
size distribution; these include the nucleation mode, accumulation mode, and coarse mode [4,
78-80]. The nucleation mode particles consist primarily of sulfur and other volatile compounds
with size distributions ranging between 3 and 50 nm [79]. This size range incorporates
nanoparticles. The nucleation mode represents 0.1-10% of the total particulate mass but often
includes 90% of the total particle count [80, 81]. The accumulation mode particles range in size
from 30 to 500 nm and are composed of carbonaceous agglomerates, metallic ash, and adsorbed
condensates such and PAHs. This mode includes the fine, ultrafine, and the upper end of
nanoparticle range (cf. Figure 1.1). The coarse particles have an aerodynamic above 1µm (1000
nm) and make up 5-20% of the total DPM mass. These particles are formed through deposition
and subsequent re-entrainment of particulate material from walls on the engine cylinder, exhaust
system, or the particulate sampling system [79].
DPM contains average mass concentrations of Fe, Zn, Cd, and Pb of 0.05, 0.07, 0.06, and
0.01%, respectively, with lower concentrations for gasoline except for Pb [82]. Particulate from
gasoline–powered vehicles are largely composed of organic chemicals while DPM is composed
of equal quantities of organic and elemental carbon with traces of metals and sulfates.
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Figure 1.1 Particle size distribution of diesel particulate matter [77].
Combustion of ferrocene doped fuel has been shown to result in the formation of iron-rich
nucleation mode particles. Metal to carbon ratios were found to increase for smaller particles in
DPM generated with the addition of ferrocene [83]. In a similar study of DPM, a correlation
coefficient of 0.73 was found between metals in the diesel fuel and the metals found in DPM
[23]. This correlation between metals present in diesel fuel and subsequent incorporation of
these metals in the DPM suggests the non-volatile species that were vaporized within the hightemperature flame zone are condensed and thus may be active condensation nuclei in the
formation of DPM [78, 82, 84].
1.3.2 Fuel Oil Combustion
Reports on the combustion of heavy oils with a high percentage of asphaltenic mesophase has
provided important information on the structure of emissions of inorganic and carbonaceous,
solid particles (plerospheres) with diameters between 200 nm and 3 microns (c.f. Figure 1.2)
[71]. As the particle size decreased below about 2 microns into the submicron range, the
10

concentration of transition metals, Zn, Ni, and Fe increased exponentially to greater than 60 %
and the carbon concentration decreased from nearly 90% to less than 30% suggesting the core

Figure 1.2 Metal and carbon concentrations in PM from combustion of heavy fuel oils [71].
may be composed of metal nanoparticles of <10 nm and implicating metals in the formation of
particles. Similarly, studies of particle formation from combustion of #5 and #6 fuel oils found
that 80% of the nanometer particle fraction consists of Cu-, V-, Zn-, and Ni- sulfates [85]. The
presence of metal sulfate condensation nuclei suggest the sulfate core is not simply an inert
substrate for condensation of organics, but is rather a reactive metal nanoparticle that can
promote molecular growth reactions of organics.
1.3.3 Coal Combustion
Similar studies from coal research have found particulate emissions are primarily
supermicron fly-ash with nanoparticles constituting up to 2% of the total mass [72].
Cenospheres (hollow particles) are formed from coal combustion through bubble formation at
the core of burning particles [6, 19, 72]. Volatile organics and metals pyrolyze under substoichiometric conditions while slowly released, less volatile species oxidize [6]. Al, Si, and Mg
11

are found in nanoparticles even though their oxides are not readily vaporized at combustion
temperatures because of the formation of suboxides which have vaporized, condensed, and then
reoxidize [74]. Some metals, such as Zn, Mo, Cd, As, Se, Sb, Pb and Ga, are highly enriched in
the nanoparticle fraction, while Ba, Sr, Ni, Cr, Co, Mn, Na, U and V show inconsistent results [6,
8]. Fe, Al, and Ca are found in percent levels while Mn, Ni, and Cu are the minor trace elements
with concentrations below 100 ppm [9]. Nanometer-scale metal oxide inclusions in supermicron
silica and alumina-based particles have been identified in coal fly-ash [86]. The interfaces of the
metals with the mineral substrate have been found to be active and a source of catalytic activity
resulting in further molecular growth and pollutant formation [87, 88].
1.4 Radicals on Particles
The correlation between metals present in diesel fuel and subsequent incorporation of
these metals in the DPM and the observation of increased metal concentrations within particles
of decreasing size suggests the non-volatile species that were vaporized within the hightemperature flame zone are condensed and capable of contributing to the molecular
growth/particle nucleation of soot. The surfaces of transition metal oxide nanoparticles, such as
copper, iron, and nickel oxides, have also been identified as active sites for the formation and
stabilization of environmentally persistent free radicals (EPFRs) [89-91]. In the cool zone,
EPFRs have been shown to form on the surfaces of transition metal-containing particles by way
of chemisorption of a molecular precursor, e.g. hydroquinone, catechol, chlorinated phenols, and
chlorinated benzenes, to the metal oxide surface [91-93]. The organic radical is formed upon
transfer of an electron from the organic precursor to the metal oxide species [93]. Such radicals
are resistant to oxidation and stabilized by the metal oxide surface, and can persist in the
environment for days (cf. Figure 1.3). Surface bound radicals can also undergo condensation
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process and initiate molecular growth when these radicals are at higher concentrations and
elevated temperatures [93]. For instance, EPFRs can self-react or dimerize to form pollutants
such as polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/F) or oligomerize to form
PAHs [69, 94].
Formation of PCDD/F in the post-combustion zone is the primary example of a surfacemediated pollutant formation pathway. Although gas-phase reactions can contribute to the

Figure 1.3 Formation mechanism of Environmentally Persistent Free Radicals (EPFRs).
formation of PCDD/F through the pyrolytic rearrangement of chlorinated precursors such as
chlorophenols and chlorobenzene at temperatures >600˚C, heterogeneous reactions account for
up to 70% of all dioxin emissions [95]. In the precursor pathway, PCDD/Fs are formed from
chlorinated benzenes and phenols by reactions through heterogeneous catalysis on the surface of
fly ash particles at 250-500 ˚C [96-99]. These precursors are intrinsic to the fuel or can be
formed in the higher temperature post combustion zone from aliphatic compounds and a
subsequent chlorination processes [97].
In the precursor pathway, the initial step of the catalytic process requires the adsorption
of the reactant to the active site. Electron paramagnetic resonance (EPR) studies indicated the
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formation of a carbon-centered phenoxyl radcial on the surface of copper oxide from the
oxidative pyrolysis of 2-monochlorophenol over a bed of copper oxide/silica representing a
surrogate fly-ash [95]. Chemisorption of the 2-monochlorophenol and subsequent electron
transfer of an electron from the organic precursor to the metal oxide species resulted in the
reduction of
Cu(II) to Cu(I) and the formation of the phenoxyl radical. Similarly, semiquinone radicals have
been identified on the surface of cuppric oxide-containing particles [89]. These resonance
stabilized radicals, EPFRs, have been identified in the formation of PCDD/Fs [69, 94, 95].
These EPFRs can react with each other or surface adsorbed molecular species to form PAHs and
PCDD/Fs.
1.5 Metal Catalyzed Molecular Growth
The discovery that dioxins can be formed by transition metal mediated reactions has led
to studies that illuminate how metals can catalyze carbon molecular growth pathways and
formation of other pollutants. Metal oxides have been widely used as catalysts in the thermal
decomposition of organic feedstocks and in the molecular growth and organization of carbon in
the production of graphitic structures including carbon nanotubes, carbon nanocapsules, and
graphene. Metal oxide catalyzed formation pathways have also been utilized for the conversion
of methanol to C2-C5 olefines at 300-500˚C.
1.5.1 Catalytic Growth of Carbon Nanotubes and Graphene
Catalytic chemical vapor deposition (CVD) of carbon from organic precursors has been
widely used for the production of single wall carbon nanotubes. A dual role of metal catalysts
has been suggested in carbon nanotube synthesis by the CVD process. Catalysts are responsible
for both decomposition/initiation of hydrocarbons and nucleation/growth of the carbon nanotube
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[54]. A free radical mechanism was proposed in hydrocarbon-based CVD production of
nanotubes with the catalyst surface being a medium for carbon rearrangement [54, 100].
High-resolution images of single-wall carbon nanotubes produced by CVD of methane at
1000˚C in the presence of Fe and Co catalysts, shows the presence of metal particles
encapsulated in the nanotubes or in polyhedral graphitic nanoparticles and amorphous carbon
[101]. Similarly, introduction of iron sulfate to an alumina substrate was found to stabilize the
substrate and lead to high metal dispersion, aggregation, and the formation of textural
mesopores. The catalyst was suggested to increase carbon nanotube formation by promotion of
aromatization reactions of methane [102].
In another study, introduction of carbon monoxide to a heated flow reactor in the
presence of iron pentacarbonyl resulted in the formation of carbon nanotubes short residence
times [103]. Metal clusters nucleated and aggregated reaching a diameter of 0.7-1.4 nm,
corresponding to approximately 50-200 iron atoms. Subsequent reactions at the metal clusters
resulted in carbon nanotube nucleation and continuous growth at the edge of the cap of the
nanotube. High resolution images of carbon nanotubes synthesized from cyclohexane in the
presence of an iron catalyst at 800˚C found the base of the nanotube located at the oxide
interface [54]. Opposite end of carbon nanotubes were found to be capped, implying a growth of
the tube from its base at the catalyst interface [54].
Metal oxides have also been utilized in the direct synthesis of large-scale graphene films
using CVD deposition [104-108]. Graphene monolayers have been grown on single crystal
transition metals such as Co, Pt, Ir, Ru, and Ni under low pressure or UHV conditions [109-114].
Generally, the graphene layer thickness was found to be dependent on the catalyst particle size
and growth time during the CVD process [54, 104]. The growth of the carbon nanotubes and
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graphene sheets from the metal catalyst surface outwards indicates metals and and/or metal
oxides are mediating a molecular growth reaction from hydrocarbon precursors.
1.5.2 Carbon Encapsulated Nanoparticles
The discovery of carbon-encapsulated LaC2 led to research focused on the synthesis and
characterization of carbon-encapsulated nanoparticles as promising materials for information
technology and biomedical applications [115]. Several techniques have been developed to
generate carbon-encapsulated nanoparticles including carbon arc ablation technique, magnetron
and ion-beam cosputtering, chemical vapor deposition, and laser pyrolysis [116, 117].
Detonation-induced pyrolysis of ferrocene produce carbon encapsulated Fe nanoparticles at
1000˚C. The particle formation mechanism is proposed to proceed by a simultaneous
condensation of the Fe clusters and carbon species leading to the formation of the (Fe,C) alloy.
After the Fe nanoparticle condensation, a precipitation of pure carbon around the nanoparticles
occurs forming graphite [118]. In a similar study, ferrocene was found to decompose into iron
atoms when the temperature reached 450˚C and aggregated to form iron nanoparticles or clusters
[119]. PAHs were formed at the iron surface through catalyzed polymerization and condensation
reactions. These catalytically-generated PAHs could arrange epitaxially, encircling the iron
clusters, with accumulation of until carbon layers encapsulation occurred [119, 120].
Formations of graphitic structures around metal particles were also reported during the
synthesis of aerogels. Aerogels were produced by benzene-1,3-diol and formaldehyde
graphitization in the presence of Cr, Fe, Co, or Ni oxide catalyst [121]. In the case of the iron
oxide catalyst, Fe2O3 and metallic Fe particles were found to coexist in the carbon matrix
indicating the iron oxide particles were partially reduced.
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1.5.3 Zeolite-Catalyzed Hydrocarbon Formation
Zeolites are microporous, aluminosilicate minerals often used as molecular sieves for
their ability to sort molecules based on size exclusion. The catalytic activity of zeolites was first
reported for their use in the conversion of methanol to C2-C5 olefines at 300-500˚C [122].
Subsequent reactions over the zeolite were reported to result in the conversion of the olefins to
paraffins, aromatics, and cycloparaffins, in the boiling range of gasoline [122]. These reactions
were not limited to methanol, but included the formation of paraffins, aromatics, and
cycloparaffins over zeolite from t-butanol, 1-heptanol, methanethiol, propanol, and methyal.
Similarly, ethene formation from methanol over zeolite has been reported to proceed by a cycle
of alkene methylation and subsequent cracking resulting in the formation of propene and butane
[123]. Determination of the reaction mechanism responsible for the formation of hydrocarbons
has proven difficult because of the need to obtain simultaneous information about the gas-phase
species and the reaction intermediates confined by the pore cavities [124-126]. However, a
general mechanistic theme present throughout the literature suggests hydrocarbons are initially
stabilized in the pores of the zeolite catalyst and upon stabilization these hydrocarbons can
further undergo successive methylation steps [123].
1.5.4 Catalytic Growth of PAHs
There have been a multitude of studies demonstrating that purely carbonaceous matter
produces a wide range of PAHs in the presence of a catalytic metal oxide, i.e. Cu2O or CuO [68,
127-130]. This has been attributed to direct reaction of the metal with the carbon lattice as well
as gasification of the carbon followed by metal-catalyzed reactions of liberated organic species
[68, 127-129]. The reaction of toluene over a sample of transition metal-containing municipal
waste incinerator fly ash resulted in formation of elemental carbon and a wide range of aromatics
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and PAHs [131]. In another study, metals were reported to associate with fly ash in fluidized
bed incinerators and promote formation of PAHs [132, 133]. Chemically similar fly ashes were
doped with various heavy metals. Sixteen PAHs consisting of 2-5 aromatic rings (GC-limited
size) were observed to form as a result of increased adsorption of precursors and catalyzed
reactions of fly ashes doped with Cr, Cd, Zn, and Pb.
Aliphatic hydrocarbons, such as propane, have been reported to undergo aromatization
processes over ZnO [134-136]. The first steps were proposed to be dissociative adsorption of the
reacting molecule and formation of surface propyl species [134, 136]. Further surface reactions
of propyl species lead to the formation of propene, and surface allene. The surface allene was
proposed to undergo oligomerization and aromatization to form aromatic compounds [134, 136].
When propane and methane were co-reactants, methane underwent dissociated adsorption to
form surface methoxy species, which then methylated the aromatic [137].
Aromatic reactants form PAHs even more readily via surface-mediated reactions.
Studies of toluene oxidation over vanadium oxide have shown parallel adsorption on the oxide
surface is the most energetically favorable orientation and leads to the formation of carbon
deposits on the surface [138]. The interaction of toluene with the oxide surface results in
electron density drainage from the aromatic ring, weakening of the methyl-groups, and
dissociation to form a benzyl radical [139, 140]. The adsorbed benzyl radical was proposed to
migrate along the surface, react with other aromatic species and form carbonaceous material
[139, 140]. Similarly, the activation of the naphthalene on catalytic surfaces was reported to
result in methylation, dimerization, and surface-mediated growth to form heavy PAHs [141,
142]. Catalytic reactions of organic molecules over metal and metal oxide surfaces are capable
of the formation of aromatic compounds, PAHs, and carbon deposits.
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1.5.5 Catalytic Growth of Soot
Iron compounds have been found to exhibit dichotomous behavior in their ability to both
enhance soot formation and promote soot oxidation [42, 143-164]. Soot suppression has been
extensively studied in flames seeded with ferrocene (Fe(C5H5)2 and iron pentacarbonyl
(Fe(CO)5). For example, decreased flame velocities, enhanced soot oxidation rates, and
promoted soot burnout all have been reported from the introduction of ferrocene to a flame [143,
159, 164]. In a similar study, introduction of iron pentacarbonyl to an isooctance diffusion flame
was found to produce a minor soot-enhancing effect at early residence times but resulted in
enhanced oxidation during the soot burnout regime [151].
Although laminar premixed ethylene flames doped with ferrocene were found to exhibit
an overall reduction in mass yield of soot, an increase in both soot particle size and number
density was initially observed [156]. The time for soot to first appear in the flame was also
reported to be shorted from the introduction of iron oxide [143, 164]. A threefold increase in
soot and PAH formation was reported when 200 ppm of iron was doped into the fuel of a
laminar, sooting, premixed ethlylene/oxygen/nitrogen flame [147]. Equilibrium calculations
predicted the metal to exist as volatile free metal in the flame but condense as metallic FeOx in
the post-flame region. It was hypothesized that metallic Fe condensed on growing soot particles
and catalyzed formation of PAH via acetylene addition reactions [147]. In a diffusion flame
doped with ferrocene vapor, iron oxide was found to nucleate prior to soot inception and
subsequently served as a soot formation nuclei for condensation reactions to occur [149].
Similarly increased sooting tendency was observed after the introduction of ferrocene
hypothesized to result from induced nucleation by iron oxide nanoparticles [148]. These iron
oxide nanoparticles were suggested to provide a surface to initiate soot surface growth.
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Regardless of the conclusion of either enhanced soot formation or promotion of efficient
burnout of soot under oxidizing conditions, introduction of iron compounds to a flame results in
iron nanoparticle nucleation prior to soot inception. The iron oxide nanoparticles were shown to
participate in the molecular growth of soot at the metal oxide interface. The studies also conclude
the introduction of iron nanoparticle precursors does not inhibit soot formation but rather results
in the reduction of carbonaceous matter by more efficient burnout during the soot oxidation [149,
156]. These studies implicate iron oxide nanoparticles as condensation nuclei that form prior to
soot inception and participate in the molecular growth of soot at early residence times.
1.6 Research Objectives
The research described herein is a detailed study of the potential for iron oxide
nanoparticles to mediate the molecular growth and particle inception of soot from the oxidative
pyrolysis of 1-methylnaphthalene (1-MN), a high sooting fuel. The first objective was to
determine the conditions under which seeding Fe2O3 nanoparticles into a high-sooting fuel would
enhance soot formation. This objective was accomplished by the construction of a dual zone
reactor system capable of the continuous introduction of Fe2O3 nanoparticles formed from
oxidation of Fe-dendrimer complexes to the high sooting 1-MN fuel. Reaction conditions
including temperature, residence time, and fuel/air equivalence ratios (Φ) were optimized to
determine conditions in which the presence of Fe2O3 nanoparticles enhanced soot formation.
Once the dual zone reactor was capable of generating soot comparable to soot from other
combustion sources, the second objective was to determine if a linear correlation existed between
Fe2O3 nanoparticle concentration and soot formation. Soot mass yields, PAH analysis, soot
number concentration, and soot morphology were examined as a function of Fe2O3 nanoparticle
concentration.
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After a dependence of Fe2O3 nanoparticle concentration on the soot yield was
established, the final objective was to identify the molecular and radical intermediates potentially
involved in formation of PAHs, young soot, and mature soot. The speciation of iron oxide
nanoparticles generated from the Zone 1 reactor and changes resulting to the iron oxide
nanoparticles after subsequent soot formation were examined. Based on the these data a
mechanistic scheme was developed to incorporate the initially formed radical species and iron
oxide nanoparticles to understand the enhanced mediation and molecular growth of soot from the
oxidative pyrolysis of 1-MN.
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CHAPTER II. EXPERIMENTAL
The experiments contained herein detail the propensity of iron oxide nanoparticles to
influence the formation mechanism of soot. A special, dual zone reactor was constructed to
introduce iron oxide nanoparticles to a high sooting 1-MN fuel prior to soot inception. Zone 1 of
the dual zone reactor generated iron oxide nanoparticles in situ from the oxidation of a
polypropylenimine tetra-hexacontaamine dendrimer complexed with iron (III) nitrate
nonahydrate. The gas-vapor, from the Zone 1 oxidative regime, was then passed through a cool
zone prior to introduction into the Zone 2 reactor to ensure nucleation of the iron oxide
nanoparticles prior to introduction to the 1-MN fuel. These nanoparticles were then introduced
to the Zone 2 reactor prior to soot inception and could impact the normally gas-phase reactions
responsible for soot formation.

This dual zone reactor system was also capable of soot

generation solely from the oxidative pyrolysis of 1-MN in the Zone 2 reactor in the absence of
iron oxide nanoparticles. Generation of soot from 1-MN in the absence of iron oxide
nanoparticles served as the control for the experiments.
2.1 Zone 1 Reactor – Iron Oxide Nanoparticle Generation
Zone 1 of the dual zone reactor was constructed to generate iron oxide nanoparticles from
the oxidation of a polypropylenimine tetra-hexacontaamine dendrimer complexed with iron (III)
nitrate nonahydrate (cf. Figure 2.1). The Zone 1 reactor consisted of a 1in. diameter 13 in. quartz
flow tube tapered to ¼ in. on both ends resistively heated with an Omega Engineering helically
wound ceramic ribbon furnace with vestibules (Omega Engineering model number CRFC1512/120-C-A rated for 650 Watts and 120 Volts). This furnace measured 12 in. in length with a
3.5 in. outer diameter (O.D.), 1.5 in. inner diameter, and 1in. vestibule opening. The furnace
temperature was controlled by PID controller (Omega Engineering model SSRL240DC25) with
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Figure 2.1 Dual Zone Reactor capable of generating soot in the presence of iron oxide
nanoparticles. Oxidation of the generation 4 dendrimer complex with Fe ions results in the
formation of iron oxide nanoparticles. These nanoparticles are introduced to a high sooting
1-MN fuel prior to soot inception.
relay output connected to type K thermocouple (model XCIB-K-2-4-3). The front end of the
reactor was terminated with a Swagelock T connector, one port being sealed with a 9.5 mm
Thermolite septa and the other was connected to the carrier gas mixture of air in N2. Flow of the
gasses into the reactor was controlled by McMillan Mass Flow Controllers (Model 80D). The
Zone 1 reactor was maintained at 700˚C with a gas-phase residence time of 60 seconds. The air
to nitrogen ratio was maintained at the level to fully oxidize the dendrimer and provide the
correct fuel/air equivalence ratio for the oxidative pyrolysis of 1-MN. In most experiments, Φ =
2.5, the air was maintained at 22 cc/min and N2 at 33cc/min for a total flow of 55 cc/min.
2.2 Zone 2 Reactor - Soot Generation
The Zone 2 reactor was constructed to generate soot from the oxidative pyrolysis of 1MN. The Zone 2 reactor consisted of a ¼ in. diameter 22 in. quartz flow tube was connected
resistively heated with an Omega Engineering helically wound ceramic ribbon furnace with
vestibules (Omega Engineering model number CRFC-1512/120-C-A rated for 650 Watts and
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120 Volts). This furnace measured 12 in. in length with a 3.5 in. outer diameter, 1.5 in. inner
diameter, and 1 in. vestibule opening. The furnace temperature was controlled by PID controller
(Omega Engineering model SSRL240DC25) with relay output connected to type K
thermocouple (model XCIB-K-2-4-3). The quartz reactor extended 4 in. outside of the Zone 2
reactor on both ends and interfaced with the Zone 1 reactor. The reactor (outside the furnace
prior to Zone 2) created a cool zone to condense the iron oxide nanoparticles prior to
introduction to a high sooting fuel whereas the reactor post Zone 2 created a cool zone to mimic
combustion systems (cf. Figure 2.1). A ¼ diameter, 4 in. in length tube, side port, extended
through the furnace immediately after the furnace wall vestibules. This side port was terminated
with a Swagelock T connector, one port being sealed with a 9.5 mm Thermolite septa and the
other was connected to the N2 carrier gas. Flow of the N2 carrier gas into the reactor was
controlled by McMillan Mass Flow Controllers (Model 80D). The Zone 2 reactor was
maintained at 1100˚C with a gas-phase residence time of 1 second. The flow of the N2 carrier
gas was maintained at 54 cc/min through the Zone 2 reactor. This flow rate ensured the
introduction of the 1-MN fuel to the Zone 2 reactor and ensured no back flow of the gases into
the Zone 1 reactor. The flow of gas throughout the entire system was maintained with gas mass
flow controllers and regularly checked by a DryCal DC-2 Gilibrator.
2.3 Generation of Soot in the Presence of Iron Oxide Nanoparticles
2.3.1 In Situ Generation of Iron Oxide Nanoparticles with Dendrimers
Generation of iron oxide nanoparticles in Zone 1 was based on the principle of in situ
oxidation of a generation 4 polypropylenimine tetra-hexacontaamine dendrimer complexed with
iron (III) nitrate nonahydrate (Fe(NO3)3∙9H2O). The application of dendrimer templating of a
precursor allows for control of the size distribution of the iron oxide nanoparticles. Dendrimers
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are highly symmetric, branched, spherical molecules that aid as structure directing template to
provide control of the size and stability of nanoparticles generated from the collapse of the core
structure[1]. Preparation of nanoparticles using a dendrimer template offers the advantage of a
high yield of specific size nanoparticles that are stabilized by encapsulation and therefore do not
agglomerate or precipitate from solution. Oxidation of the encapsulated dendrimer-metal
complex results in the collapse of the core structure and the formation of a single nanocluster
composed of every metal ion previously attached to the dendrimer. The decreasing size
associated with increasing dendrimer generation as well as the relationship between metal ions
and terminal dendrimer ends allows for the specific tailoring of nanoparticle size. The
generation 4 dendrimer has 16 pair of terminal amine functional groups, where theoretically each
terminus end binds one iron ion.
Solutions of the iron -dendrimer complex were prepared from generation 4
polypropylenimine tetra-hexacontaamine dendrimer complexed with iron (III) nitrate
nonahydrate (Fe(NO3)3∙9H2O). Since the generation 4 dendrimer has 16 pair of terminal amine
functional groups and each terminus end binds one iron ion, a 16/1 ratio of
Fe(NO3)3∙9H2O/dendrimer was used to ensure each terminal end of the dendrimer was bound to
one iron ion. The dendrimer metal complex was prepared by thoroughly shaking equal parts of a
solution 0.01 M solution of iron (III) nitrate nonahydrate (Fe(NO3)3∙9H2O) in methanol and
0.00625 M solution of generation 4 polypropylenimine tetra-hexacontaamine dendrimer in
methanol. The final volume was adjusted with methanol to a final concentration of 0.002 M
(Fe(NO3)3∙9H2O). This solution of the dendrimer metal complex was introduced through the
septum of the Zone 1 reactor by a syringe pump maintained at 85 µL/h.
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2.3.2 In Situ Generation of 57 Fe Labeled Nanoparticles
Iron (III) nitrate nonahydrate doped by 57Fe were used in EPR experiments to gain an
understanding of the species of iron oxide nanoparticles generated in the Zone 1 oxidative
regime.
57

56

Fe2O3 nanoparticles (50nm in diameter) were obtained from Sigma Aldrich and

Fe2O3 was obtained from Cambridge Isotope Laboratories, Inc (Lot # I1-12785). Iron (III)

nitrate nonahydrate, both 56Fe(NO3)3 and 57Fe(NO3)3 in water, were prepaped from initial
reagents respectively in a substoichiometric quantity of 30% HNO3 in water to ensure no excess
HNO3. The excess amount of 56Fe2O3 or 57Fe2O3 was then removed through centrifugation and
subsequent decantation. Iron (III) nitrate nonahydrate synthesized from 56Fe2O3, served as a
control to the experiment to ensure the synthesis route resulted in the same experimental spectra
observed from the dendrimer templating technique.
2.3.3 In Situ Generation of Nanoparticles from Iron Pentacarbonyl orFerrocene
Iron pentacarbonyl Fe(CO)5 and Ferrocene Fe(C5H5)2 were used as precursors to generate
iron oxide nanoparticles in the Zone 1 reactor as a comparison to the dendrimer templating
technique. Solutions of the respective compound were prepared with either water or methanol as
the solvent to obtain a final concentration of 2 mM Fe(CO)5 or Fe(C5H5)2. Fe(C5H5)2, a liquid at
room temperature, was also introduced to the Zone1 reactor in the absence of a solvent to
eliminate the contribution of the solvent to the obtained EPR spectrum.
2.4 Fuel/Air Equivalence Ratio (Φ)
Generation off soot in the Zone 2 reactor was based on the combustion of 1-MN, C11H10 :
2 C11H10 + 27O2  22CO2 + 10H2O

equation 1

For the stoichiometric reaction, 27 moles of O2 are required for complete oxidation of 2 moles of
C11H10. Based on the injection rate of 240μL/h the number of moles of 1-MN injected per hour
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was determined corresponding to 0.00169 moles 1-MN/hr. Based on the stoichiometry of the
reaction, the number of moles of O2 required to completely react the 1-MN was then determined.
equation 2
The number of moles of O2/hr was then converted to cc/min. This corresponds to 8.5 cc/min of
O2 to completely react the 1-MN injected at 240μL/h. Since this is such a small amount of O2 to
precisely control within the confines of the experiment, air was chosen to increase the flow rate
such that the flow rate could be monitored accurately with the flow controllers. Since air is
composed of 21% O2, 40.5 cc air/min are required to react the 1-MN injected at 240μL/h. This
procedure was again followed to determine the air required to completely react the methanol
introduced for each dendrimer/(Fe(NO3)3∙9H2O solution. At an injection rate of 85μL/h, 5.6 cc
air/min are required to completely oxidize the methanol introduced from the
dendrimer/(Fe(NO3)3∙9H2O solution. The fuel/air equivalence ratio (φ) was then calculated for
1-MN combustion based on equation 3.
equation 3
A Φ = 2.5 corresponds to 16.2 cc of air/min for 1-MN combustion plus an additional 5.6 cc
air/min to completely react the methanol introduced from the dendrimer/Fe(NO3)3∙9H2O
solution. Thus for φ = 2.5, 21.6 cc air/min was introduced into the Zone 1 reactor with 33.4 cc
N2/min to maintain the 55 cc/min requirement to maintain the residence time. A Φ = 1 implies
stoichiometric conditions where as a Φ< 1 is considered oxidative conditions, or lean conditions,
a Φ>1 is considered oxidative pyrolysis conditions, and higher Φ’s approach pyrolytic
conditions, or fuel rich conditions.
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2.5 Determination of Soot Yield
Soot generated in the dual Zone flow reactor was collected in 1 cm. quartz cuvettes at the
end of Zone 2 of the flow reactor. The soot was thermophoretically collected on the quartz
cuvettes by maintaining the cuvettes in a copper sample holder under liquid nitrogen. Soot
yields were determined as a function of the fuel-to-air equivalence ratio and as a function of
introduced metal concentration by optical absorbance at 466 nm of particles suspended in
aqueous solutions using an Aviv model 14DS UV-VIS-IR spectrophotometer.
2.6 Collection and Extraction of Soot Samples
Samples of soot were generated in the dual zone reactor and collected on Advantec 46
mm, 0.8µm pore size mixed cellulose ester filters in a simple collection apparatus which consists
of a sample holder and vacuum pump maintained at 0.5 L/min. These particulate matter samples
were then washed in an excess amount of chloroform to ensure removal of all soluble organic
material. The excess filter containing no sample was simply removed and discarded. The
samples, which have been washed in excess chloroform, were then dissolved in acetone, leaving
soot and the remaining residue from the cellulose filters. The samples were centrifuged and the
top layer of acetone was removed. This process of washing with acetone, centrifugation, and
removing of the acetone was repeated until there was no residue of the filters remaining with the
soot sample.
2.7 Synthesis of Iron Oxide Nanoparticles on Silica
Typically iron species exhibit large broad featureless spectra at elevated concentrations in
EPR spectroscopy. In an attempt to minimize spectral features lost from concentration
broadening, silica was impregnated with 0.5-5.0 % Fe(III)2O3 (w/w), to control the concentration
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and size of Fe(III)2O3 clusters. This method of preparation resulted in the formation of Fe(III)2O3
nanoclusters impregnated in silica which have been extensively studied [2, 3].
Since the generation 4 dendrimer has 16 pair of terminal amine functional groups and
each terminus end binds one iron ion, a 16/1 ratio of Fe(NO3)3∙9H2O/dendrimer was used to
ensure each terminal end of the dendrimer was bound to one iron ion. The dendrimer-metal
complex was prepared by thoroughly shaking equal parts of a solution 0.01 M solution of iron
(III) nitrate nonahydrate (Fe(NO3)3∙9H2O) in methanol and 0.00625 M solution of generation 4
polypropylenimine tetra-hexacontaamine dendrimer in methanol. This mixture was then diluted
in an excess of methanol (~20ml) to ensure the Cab-O-Sil was completely covered by the
dendrimer-metal complex. The appropriate amount of Cab-O-Sil, an amorphous SiO2, was
weighed to generate a 0.5-5.0% Fe2O3/SiO2 weight solution. This calculation assumed a mole of
(Fe(NO3)3∙9H2O) produced a mole of Fe2O3. The dendrimer/Fe(NO3)3∙9H2O mixture was added
to the appropriate amount of Cab-O-Sil and mixed for 24 hours. After the mixing period the
excess methanol was removed in a rotary evaporator and then dried for 24 hrs at 100˚C. The
powder was then placed in a crucible and calcined at 450˚C for 12 hrs in order to convert
(Fe(NO3)3∙9H2O) to Fe2O3. The Fe(III)2O3 impregnated silica was then ground and sieved to a
230 mesh size (63 µm) in an agate mortar and pestle [3-5].
2.8 Surface Analysis of Soot with XPS
XPS measurements were performed on Kratos AXIS-165 XPS/SAM instrument using
monochromatic Mg/AL radiation (1486.6 eV) with an analysis chamber maintained at a pressure
better than 10-9 torr. Survey spectra of the soot were collected over a 1200 eV range at a
resolution of 0.5 eV per step, 100 ms per step, and pass energy of 40 eV. All peaks were
referenced to the C 1s binding energy for carbon at 285.0 eV. All samples were placed in the

41

analysis chamber on Polyimide Kapton film. Since Kapton film is a carbon based product, polyoxydiphenylene-pyromellitimide, standard samples of known carbon and oxygen content
(graphite, carbon black, and fullerene soot) were analyzed to ensure the carbon signal was not
generated from the Kapton film.
2.9 C/H Ratio Analysis of Soot
Carbon analyses were performed by MicroAnalysis Inc. (2038 Telegraph Rd.
Wilmington, DR 19808, www.microana.com) with an EA 112 CHN elemental analyzer. Soot
generated from dual zone reactor was submitted along with soot standards of graphite, carbon
black, and fullerene soot because of the known C/H composition.
2.10 Elemental Metal Analysis of Soot
The soot samples were analyzed for metal content according to EPA Method 3052 after
digestion in a CEM Mars 5 Microwave Digestion System. A known mass of soot, approximately
2mg, was placed in a microwave vessel along with 4ml of concentrated nitric acid (SFS
Chemicals,Veritas Double Distilled). The microwave system was set to ramp to 180˚C in 5
minutes and held at that temperature for 10 minutes. The sample was then diluted to 3 % nitric
acid concentration in water with a final volume of 10 ml. Analysis was performed with
SpectroCiros inductively coupled plasma optical emission spectroscopy (ICP-OES).
2.11 TEM Microscopy/EDAX Spectroscopy
A JEOL JEM -1011 High Resolution Transmission Electron Microscope with an
integrated EDAX EDS equipped with a LaB6 source, with 200kV accelerating voltage and
magnification of 400-800k (HRTEM) was used to characterize the particle size and morphology
of the particles.
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Samples were subjected to EDS spectroscopy, an analytical technique used for the
elemental analysis and chemical characterization of a sample. A high energy beam of electrons
was focused onto the sample exciting an electron in the inner shell of the atom and creating an
electron hole. An electron from an outer, higher energy shell then filled the hole, emitting an Xray whose energy corresponds to the difference in energy between the inner and outer shell. This
energy is specific to the atomic structure of an individual element and can be used for
characterization of individual elements.
All samples were prepared by thermophoretic collection of the particles on a TEM Grid
(SPI Supplies 400 mesh Holey Carbon Coated Gold or Copper) at the outlet of reactor 1 or
reactor 2. The Holey Carbon Coated gold grids were used to ensure no spectral overlap occurred
when iron was examined by EDS measurements. The condensable nanoparticles and soot were
collected thermophoretically by placing a TEM grid on an insulated copper probe cooled by
liquid N2. The insulated probe was inserted into the end of the respective zone to prevent ice
formation on the grid from water condensation.
2.12 PAH Analysis
2.12.1 Analysis of PAHs Collected on Filters
All samples were collected on Advantec 46 mm, 0.8µm pore size mixed cellulose ester
filters at the end of the dual zone reactor. The filter was placed in an open-type aerosol filter
holder (Millipore Aerosol Filter Holder 47 mm, stainless steel, Model XX5004710) with a 11
mm hose connector. The hose connector was connected to a rotary pump maintained at 0.5
L/min with a restriction valve. After collection for two intervals of 30 min., (reactor was cleaned
by oxidation between each interval) the filters were placed in a vial containing 10 ml of
chloroform and sonnicated for 1 hr. The chloroform extracts were analyzed for polycyclic

43

aromatic hydrocarbons (PAHs) using a Varian Chrompack CP-3800 gas chromatograph coupled
to a Varian Saturn Series 2000 MS. This GC/MS contains an ion trap equipped with the
capillary column (Rtx-5MS, 30m × 0.25µm × 0.25). The injector temperature was set at 280˚C
with a carrier gas flow set to 1.2ml min-1. The over operating temperature was maintained at 0˚C
for 1 min, ramped to 60˚C at a rate of 15.0˚C min-1, followed by a final ramp to 300˚C at 10˚C
min-1. All extracts were placed in a graduated cylinder and concentrated in a stream of N2 to 1
ml before injection and quantified with standards obtained from Sigma Aldrich.
2.12.2 Analysis of Gas Phase Products
The products from the oxidative pyrolysis of 1-MN were collected in a liquid trap
maintained at 77K. Quartz wool was placed in an open-type aerosol filter holder (Millipore
Aerosol Filter Holder 47 mm, stainless steel, Model XX5004710) to minimize soot collected in
the liquid trap. The aerosol filter holder was connected to the liquid trap by the 11 mm hose
connector. The opposite end of the liquid trap was connected to a rotary pump maintained at 0.5
L/min with a restriction valve. The exhaust from the reactor was pulled through the trap by a
rotary pump was maintained at 0.5 L/min for and collected for two intervals of 30 min. (reactor
was cleaned by oxidation between each interval). The trap was then removed and washed with
dichloromethane and the water-organic mixture was placed in a separatory funnel to collect
organic layer. The extract in dichloromethane was placed into a Kuderna-Danish concentrator
and the volume of the solvent was reduced to 1 ml over a 30 min. period. Multiple washes were
performed with dichloromethane to ensure no residue was left on the walls of the concentrator
flask. The final sample was sealed in an amber crimp top vial maintained at -40˚C to ensure no
further evaporation of the solvent. Final product distribution was then determined by GC/MS
(Agilent 6890GC/MS) system equipped with a HP-5MS column, Agilent Technologies, 30-m,
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0.25-mm i.d. with a 0.50 µm film thickness. The injector was maintained at 250˚C while the
oven temperature was maintained at 50˚C for 1 min. and then ramped to 300˚C at 5˚C/min.
Detection and quantification of the products was performed on an Agilent 5973 mass
spectrometer operated in the full-scan mode for the duration of the GC run. Products were
identified based on both the mass spectra and the retention time of standards.
2.13 Number Density and Size Distribution of Iron Oxide Nanoparticles and Soot
A Differential Mobility Analyzer (DMA TSI Model 3081 or Model 3085) coupled to an
Ultra-fine Condensation Particle Counter (UCPC Model 3776) was used to determine the
number density and size distribution of the iron oxide nanoparticles and soot. In a DMA, an
electric gradient is created across an inner and outer rod as the airborne particles flow through
the DMA in accordance with their electrical mobility. As the voltage is increased, particles with
a certain electric mobility are passed through the outlet and detected while particles with a nonmatching electric mobility are exhausted.
The reactor was directly connected to the DMA/UCPC instrument with a Swagelock
Ultra Torr fitting (cf. Figure 2.2). An additional inlet of make-up air was connected prior to the

Figure 2.2 Schematic of DMA Model 3081 for determination of number density and size
distribution of the iron oxide nanoparticles or soot.
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DMA. An aerosol flow rate of 1.5 lpm and sheath flow rate of 15.0 lpm was maintained in the
DMA. All flows were maintained by a DryCal DC-2 Gilibrator.
2.14 Analysis of Paramagnetic Centers and Free Radicals in Soot
2.14.1 Fundamentals of EPR Spectroscopy
EPR Spectroscopy is a nondestructive analytical technique for studying paramagnetic
species with one or more unpaired electrons. Since stable molecules have all of their electrons
paired, EPR spectroscopy is limited in its application but in return offers great specificity of
radicals because solvents and matrices do not give rise to an EPR signal [6]. This technique has
found application in the study of free radicals, transition ions, point defects in solids, triplet
states, and systems with conducting electrons [7]. Every electron possesses a magnetic moment
and spin quantum number s = 1/2, with spin states ms = +1/2 and ms = -1/2 [8]. These states are
normally degenerate. The degeneracy of the electron spin states is lifted when an unpaired
electron is placed in a magnetic field B, resulting in the spin states having different energy. This
energy difference is a result of the Zeeman effect (cf. Figure 2.3). The lower energy state occurs
when the magnetic moment of the electron is aligned with the magnetic field, ms = -1/2, and the
higher energy state occurs when the magnetic moments of the electron is aligned against the
magnetic field, ms = +1/2.
The unpaired electron can move between the two energy levels by the absorption or
emission of a photon only when the corresponding energy of the photon hν is equal to the energy
difference between the spin states. This is achieved in EPR spectroscopy by holding the
frequency of the radiation constant while the magnetic field is varied. Absorption occurs when
the magnetic field splits the two spin states such that the energy difference is equal to the
radiation. This is referred to as the field of resonance and is given by the equation:
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hν = gµomsB

equation 4

Figure 2.3 Zeeman interaction resulting in splitting of spin states in the presence of a magnetic
field.
Where h is Planck’s constant (h = 6.63 e -34 J s); ν is the frequency of the incident microwave
(Hz); µo is the Bohr Magnetron (µo = 9.27 E -24 J T-1); ms is the spin states; B is the magnetic
field in Tesla; and g is the electron’s g-factor. For a free electron, the g-factor is 2.00232. The gfactor is measured as the center of the first derivate spectrum. For organic radicals, the value is
typically quite close to that of a free electron with values ranging from 1.99-2.01. For transition
metal compounds, large variations can occur due to spin-orbit coupling and zero-field splitting
and results in values ranging from 1.4-3.0.
2.14.2 Hyperfine Splitting
In addition to the applied magnetic field, an unpaired electron can interact with the
magnetic moment of its own nucleus or the nucleus of another atom [8]. This interaction
between the electron and the nuclei is referred to as hyperfine splitting and results in the
subsequent splitting of the spectral lines. Hyperfine interactions can provide information about
the number and identity of nuclei in a complex as well as their distance from the unpaired
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electron. The hyperfine interaction expands the previous energy equation to:
hν = gµomsB + amsmi

equation 5

where a is the hyperfine coupling constant and mi is the nuclear spin quantum number for the
neighboring nucleus. The hyperfine splitting constant a, can be determined by measuring the
distance between each of the hyperfine lines in the EPR spectrum.
2.14.3 EPR Measurements
EPR spectra were recorded using a Bruker EMX-20/2.7 EPR spectrometer (X-band) with
dual cavities, and modulation and microwave frequencies of 100 kHz and 9.516 GHz,
respectively. Typical parameters were: sweep width of 5000 G, EPR microwave power of 10
mW, modulation amplitude of 2 G, time constant of 40.96 ms, and sweep time of 167.77s. EPR
measurements were made in 4 mm quartz EPR tubes at room temperature unless otherwise
specified.
2.14.4 Quantitative EPR
Values of the g-tensor were calculated using Bruker’s WIN-EPR SimFonia 2.3 program,
which allowed control of the Bruker EPR spectrometer, data-acquisition, automation routines,
tuning, and calibration programs on a Windows-based PC. The exact g-factors for key spectra
were determined by comparison with a 2,2-diphenyl-1-picrylhydrazyl (DPPH) standard.
The radical concentrations were calculated using equation 6 with the double integration
method of the first derivative signal in comparison to the standard DPPH calibration curve.
equation 6
Where C (spins/g) is the concentration of radical in the sample, A is the area count of
sample; RG is the receiver gain used to obtain the sample signal; m is the mass of the sample in
grams; ADPPH is the area count of DPPH; and RG is the receiver gain. The calibration curve was
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prepared from DPPH by preparing a stock solution in benzene and subsequent dilutions. These
solutions were transferred to and EPR tube. The sample was vacuum dried and benzene was
added to ensure walls were not coated with DPPH. The sample was again dried and the process
was repeated until a linear curve was achieved.
2.14.5 Decay and 1/e Half-life of Radicals
The decay of radicals was monitored by recording the EPR signal of soot collected on
cellulose ester filters as a function of time. Soot collected on cellulose ester filters was allowed
to age in ambient conditions and an EPR signal was acquired every hour until the signal
stabilized. A plot of the radical concentration (spins/g of sample) as a function of time was
plotted to examine the decay of the radical species generated from the dual Zone reactor. Since
the main mechanism of decay for radical species is from the interaction with oxygen, the decay
was assumed to result from this process given by the following reaction,
R* + O2  S

equation 7

Where R* is the radical and S is the molecular species. Then the rate equation is given by,
equation 8
The steady-state approximation is assumed because of the excess concentration of O2 in
comparison, thus;
equation 8
Then, equation 6 integrates to
equation 10
equation 11
equation 12
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equation 13
equation 14
The 1/e half-life is the time it takes for the original concentration to decay to 1/e, that is,
equation 15
Subtracting this from equation 12 yields,

=

equation 16

Which for a first-order reaction, the 1/e half-life is the reciprocal of the rate constant.
equation 17
2.14.6 Low Temperature Matrix Isolation-EPR Spectroscopy
Low temperature matrix isolation in conjunction with electron paramagnetic resonance
spectroscopy (LTM-EPR) was employed for the detection of paramagnetic species formed
during the growth of soot from 1-MN in the presence of Fe2O3 nanoparticles. This technique
provided means of gas-phase sampling of paramagnetic species (including Fe2O3 and soot)
without impacting the overall reaction chemistry [9-11]. Accumulation of paramagnetic species
on a cold finger maintained at liquid nitrogen temperature, 77K, within a matrix of CO2 ensured
no further recombination or transformation of the paramagnetic species. The dual-zone thermal
reactor was interfaced to a liquid nitrogen-cooled Dewar to condense combustion products on the
cold finger at 77K for further EPR analysis (cf. Figure 2.4). A rotary pump was maintained at a
pressure of < 0.5 torr to transport the by-products to the cold finger from the thermo-electrically
heated, oxidative-pyrolysis zone of the reactor (cf. Figure 2.4, Zone 2). Sampling occurred
through an orifice (i.d. from 100 to 300 µm) placed at various distances from the end of Zone 2
of the reactor as well as along various positions in Zone 2, denoted as sampling ports I-IV. The
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Figure 2.4 Dual-zone reactor capable of generating Fe2O3 nanoparticles in the presence of a
high sooting 1-MN fuel coupled with a Dewar equipped with a cold finger for condensation
of paramagnetic species. Soot was collected through sampling ports denoted I-IV, positions
1.5, 3.0 and 4.5 cm inside the reactor, measured from the reactor end, and positions 1.5, 3.0
and 4.5 in the exhaust stream.
sampling orifice directed a portion of the effluent from the reaction zone onto a cold finger
without disturbing the chemistry in the flow reactor. The expansion of a gas-mixture in an
orifice region resulted in a rapid decrease of temperature which suppressed further chemical and
physical changes of the collected species. In all experiments, carbon dioxide was introduced as a
supporting matrix at 77K to optimize the condensation of pyrolysis products and increase the
resolution of the EPR spectra. All samples were accumulated on the Dewar cold finger for 25
minutes (or less) depending on the orifice size used. The Dewar was equipped with special
PTFE pressure-vacuum valve (PV-ANV, Wilmad) which allowed the Dewar to be separated
from the dual zone reactor, and maintained at liquid N2 temperature while evacuated to 10-4 torr.
2.14.7 Annealing and Annihilation Studies
Gradual warming of the Dewar resulted in the annealing of the matrix and selective
annihilation of the more reactive radicals such that the spectra of the more persistent, individual
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radicals in the mixture could be discerned. The cold finger of the Dewar was slowly warmed by
removing liquid nitrogen with a bubbling stream of N2 gas. This resulted in some of the initially
observed reactive radicals, being annihilated by radical-radical recombination. An increase in
temperature results in an increase in the mobility of the radicals and subsequent recomobniation
of the radicals through radical-radical recombination. The matrix was allowed to anneal for 1015 s, and liquid N2 was re-added to the Dewar to quickly refreeze the matrix at 77 K. In special
experiments, the matrix was maintained at a specified temperature (193 K, 223 K) by a frozen
solution of ethanol/acetone mixture in dry ice, but detection of radicals was performed at 77 K.
2.15 DFT Studies
Radicals formed during the oxidative pyrolysis of 1-MN were investigated using Density
Functional Theory (DFT). Geometry optimization was performed using both the Becke, threeparameter, Lee-Yang-Parr (B3LYP) exchange-correlation functional or PBE1PBE hybrid
functional with the basis sets 6-311++g** or aug-cc-pvdz. All quantum-chemical calculations
and all initial geometry inputs were performed with the Gaussian 09 program packages and
GaussView modeling software. The energy of the reaction was determined from the sum of the
electronic and zero point energy and

defined by :
equation 18

Energy calculations were performed with both basis sets and both functional to ensure the energy
trends were not dependent on the basis sets or functional.
Visualization of the electron density of the initial radical formed from 1-MN was
visualized with Gaussian 09 from the cube file from geometry optimized with the B3LYP hybrid
functional and EPR-II basis set. All radical g-factors were calculated with the B3LYP and
pbe1pbe hybrid functional and each basis set EPR-II, 6-311++g**, or aug-cc-pvdz. Hyperfine
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splitting constants were also computed with the Gaussian 09 program packages with the B3LYP
hybrid functional and EPR-II basis set. These calculations were calibrated against hyperfine
splitting constants of the benzyl radical determined both experimentally and computationally in
the literature. EPR spectrum were then simulated from the calculated hyperfine splitting
constants and literature values with Bruker’s WIN-EPR SimFonia 2.3 program.
2.16 References
1.

Floriano, P.N., et al., Cu (0) nanoclusters derived from poly (propylene imine) dendrimer
complexes of Cu (II). Journal of the American Chemical Society, 2001. 123(43): p.
10545-10553.

2.

Cannas, C., et al., Structural and magnetic properties of Fe2O3 nanoparticles dispersed
over a silica matrix. The Journal of Physical Chemistry B, 1998. 102(40): p. 7721-7726.

3.

Vejerano, E., S. Lomnicki, and B. Dellinger, Formation and Stabilization of CombustionGenerated Environmentally Persistent Free Radicals on an Fe (III) 2O3/Silica Surface.
Environmental Science & Technology, 2010. 45(2): p. 589-594.

4.

Lomnicki, S., et al., Copper oxide-based model of persistent free radical formation on
combustion-derived particulate matter. Environmental Science & Technology, 2008.
42(13): p. 4982-4988.

5.

Lomnicki, S.M., E. Vejerano, and B. Dellinger, Formation and Stabilization of
Combustion-Generated, Environmentally Persistent Radicals on Ni (II) O Supported on a
Silica Surface. Environmental Science & Technology, 2012.

6.

Weil, J.A., et al., Electron paramagnetic resonance: elementary theory and practical
applications1994: Wiley New York.

7.

Lund, A., Principles and applications of ESR spectroscopy2011: Springer Science+
Business Media.

8.

Carrington, A., Electron-spin resonance spectra of aromatic radicals and radical-ions.
Quarterly Reviews, Chemical Society, 1963. 17(1): p. 67-99.

9.

Adounkpe, J., L. Khachatryan, and B. Dellinger, Radicals from the gas-phase pyrolysis of
hydroquinone: 1. Temperature dependence of the total radical yield. Energy & Fuels,
2008. 22(5): p. 2986-2990.

53

10.

Khachatryan, L., J. Adounkpe, and B. Dellinger, Formation of phenoxy and
cyclopentadienyl radicals from the gas-phase pyrolysis of phenol. The Journal of
Physical Chemistry A, 2008. 112(3): p. 481-487.

11.

Khachatryan, L., et al., Formation of cyclopentadienyl radical from the gas-phase
pyrolysis of hydroquinone, catechol, and phenol. Environmental Science & Technology,
2006. 40(16): p. 5071-5076.

54

CHAPTER III. RESULTS
The experimental results presented herein detail the potential for iron oxide nanoparticles
to mediate the molecular growth and particle inception of soot from the oxidative pyrolysis of 1MN, a high sooting fuel. A dual zone reactor was constructed to continually introduce iron oxide
nanoparticles to a high sooting 1-MN fuel. These nanoparticles could then impact the otherwise
gas-phase reactions responsible for soot formation. Preliminary experiments were conducted to
confirm the generation of nanoparticles from the oxidation of the fully doped generation 4
polypropylenimine tetra-hexacontaamine dendrimer complexed with iron (III) nitrate
nonahydrate within the Zone 1 reactor. The dendrimer templating technique was utilized to
provide a high yield of specific size nanoparticles that were stabilized by encapsulation and
therefore did not agglomerate. The size distribution and morphology of the Zone 1 products
was examined to ensure nanoparticle formation and confirm the species did not agglomerate
prior to soot particle inception.
Zone 2 of the dual zone reactor was constructed to generate soot from the oxidative
pyrolysis of 1-MN in the presence and absence of these iron oxide nanoparticles. Since soot is
visibly discerned as a byproduct from the incomplete combustion of hydrocarbon fuels, reaction
conditions including temperature, residence time, and fuel/air equivalence ratios (Φ) were
optimized until soot was generated in the Zone 2 reactor from the 1-MN fuel. Soot generated
from 1-MN was compared against known features of soot to ensure soot generated in Zone 2 of
the dual zone reactor was comparable to soot from other combustion sources.
Fuel/air equivalence ratios (Φ) were then optimized to provide conditions for enhanced
soot formation in the presence of iron oxide nanoparticles. The condensable products were
examined by TEM analysis to determine conditions at which mature soot was observed in the
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presence of iron oxide nanoparticles but was not observed solely from the oxidative pyrolysis of
1-MN. The influence of iron oxide nanoparticle concentration on soot formation was then
established through examination of the radical concentration, number density, and radical spin
concentration and Fe present in soot.
After a dependence of iron oxide nanoparticle concentration and soot yield was
established, the molecular and radical intermediates involved in formation of soot were identified
with LTMI-EPR spectroscopy. The speciation of iron oxide nanoparticles generated from the
Zone 1 reactor and changes resulting to the iron oxide nanoparticles after subsequent soot
formation were examined with the LTMI-EPR technique. Based on these data, a mechanistic
scheme was developed to incorporate the initially formed radical species and iron oxide
nanoparticles to understand the enhanced mediation and molecular growth of soot from the
oxidative pyrolysis of 1-MN.
3.1 In Situ Generation of Iron Oxide Nanoparticles
In order to study the effect of metal oxide nanoclusters on the particle inception of soot, a
dual zone reactor was designed for in-situ generation of iron oxide nanoclusters. A key aspect
to understanding the role of nanoclusters in the soot formation process in the detailed
characterization of the metal oxide nanoclusters formed in Zone 1 reactor. This includes the size
distribution and morphology of iron oxide nanoparticles generated from the oxidation of the fully
doped generation 4 polypropylenimine tetra-hexacontaamine dendrimer complexed with iron
(III) nitrate nonahydrate. Particles were collected from the output of the Zone 1 reactor and were
analyzed using TEM equipped with EDX and DMA.
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3.1.1 TEM and EDX of Iron Oxide Nanoparticles
Iron oxide nanoparticles generated in Zone 1 of the dual zone reactor and were collected
thermophoretically by placing a holey carbon coated gold 400 mesh TEM grid on a flat copper
bar equipped with a TEM grid. These nannoparticles were exclusively generated from the
oxidation of the fully doped generation 4 polypropylenimine tetra-hexacontaamine dendrimer
complexed with iron (III) nitrate nonahydrate at 700˚C. All experiments investigating the impact
of iron oxide nanoparticles on soot formation utilize this preparation method. In these
experiments a stoichiometric quantity of air was supplied for the oxidation of the dendrimer
template. TEM analysis of collected particles revealed the size distribution and morphology of
the Zone 1 nanoparticles (cf. Figure 3.1). Particles can be seen as dark spots in the TEM
micrograph. These nanoparticles appear as individual, non-agglomerated nanoparticles and are
spherical in shape and fairly uniform in size. The dendrimer templating technique was

Figure 3.1 TEM micrograph of ~5 nm nanoparticles generated in Zone 1 of the dual zone
reactor from the oxidation of the polypropylenimine tetra-hexacontaamine dendrimer
complexed with iron (III) nitrate.
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chosen for nanoparticle synthesis because the dendrimer acts as a structure directing template to
provide control of the size and stability of nanoparticles generated from the collapse of the core
structure. This temlating technique provided a high yield of specific size nanoparticles that were
stabilized by encapsulation and therefore did not agglomerate. The EDS spectrum focused on
collected nanoparticles generated from the Zone 1 reactor (cf. Figure 3.2 and Figure 3.3).

Figure 3.2 EDS spectrum of iron oxide nanoparticles generated in Zone 1 of the dual zone
reactor.

Figure 3.3 EDS spectrum of holey carbon coated gold 400 mesh TEM grid placed on copper
bar and exposed to dendrimer in the absence of iron oxide nanoparticles.
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Spectral features consistent with the presence of carbon, oxygen, gold, silica, and copper
were found when the electron beam was focused on the nanoparticles. For comparison, the EDS
spectrum of the holey carbon coated gold 400 mesh TEM grid exposed to the dendrimer in the
absence of iron (III) nitrate nonahydrate is presented in Figure. 3.3. The gold and carbon spectral
features arise from the holey carbon coated gold 400 mesh TEM grid whereas the copper is
transferred as a result of sampling when the TEM grid is tightened between to copper plates.
The silica was also observed in the background EDS signal indicating decomposition of the
reactors and transfer to the TEM grids. EDS confirmed the nanoparticles are composed of iron
by the presence of spectral features at 6.4 eV. Oxygen was also observed in the EDS spectrum.
This implies the nanoparticles generated from the generation 4 dendrimer at iron oxide
nanoparticles.
3.1.2 Size Distribution of Nanoparticles from Dendrimer Templating
Entrained particles exiting Zone 1 reactor were analyzed for their size distribution and
number density using DMA/UCPC. The size distributions were measured with a TSI Inc. DMA
3085 with the capability of measuring particles between 2 and 250 nm. The size distribution of
iron oxide nanoparticles generated in the Zone 1 reactor at 700˚C from the oxidation of the fully
doped generation 4 polypropylenimine tetra-hexacontaamine dendrimer complexed with iron
(III) nitrate nonahydrate are presented in Figure 3.4. The nanoparticles ranged in size from 3 to
8 nm with a majority of the nanoparticles being in the 3-5 nm diameter range. The nanoparticles
observed at 13 nm result from the agglomeration of the smaller 3-5 nm nanoparticles whereas
control experiments confirmed the peak observed at 3 nm resulted from the dendrimer-methanol
solution.
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Figure 3.4 Size distribution of iron oxide nanoparticles generated in Zone 1 of the dual
zone reactor.
3.2 Soot Generated from the Oxidative Pyrolysis of 1-MN
Soot is a byproduct from the incomplete combustion of hydrocarbon fuels typically
observed at temperatures ranging between 1300-2200˚C in fuel-rich or oxygen-depleted
environments. At these combustion temperatures, the growth of low molecular weight aliphatic
hydrocarbons to soot (molecular weight of 106 amu) occurs on a time scale of 10-4 to 10-2 seconds
[1]. Although soot formation has been observed in high temperature flow reactors [2, 3], lower
temperatures were found to result in non-oxidative reactions that are comparatively to slow to
result in soot formation [3]. The minimum temperature soot formation occurred in the Zone 2
reactor was established visually when soot began agglomerating on the side walls in the exhaust
regime of the dual zone reactor system. Confirmation of the condensable material generated
from the oxidative pyrolysis of 1-MN at 1100˚C in Zone 2 of the dual zone reactor as soot was
necessary to establish soot could be generated at lower temperatures in a flow reactor. The
condensable material was subjected to numerous protocols to ensure the condensable material
generated in Zone 2 of the dual zone reactor was comparable to soot generated from other
combustion sources. All soot generated for comparison against soot from other fuel precursors
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was generated at Φ=5.0 or fuel rich environments to maximize soot formation from the 1-MN
fuel.
3.2.1 Microstructure of Soot
Soot is a well classified fraction of particulate matter often described through TEM
microscopy by the existence of small spherical particles and globular coalesced aggregates of
~30 nm in diameter accumulated into chains of several hundred nanometers in length [4-7].
These aggregates are highly rigid and stable under the high-energy electron beam (accelerating
voltage 200 KV). Introduction of 1-MN, a PAH and soot precursor, into Zone 2 of the reactor
resulted in the formation of soot (cf. Figure 3.5 A). Note the dark-particle images correspond to
locations where several soot nanoparticles are overlapped and in the path of the TEM beam.
These aggregated structures result from reactions and subsequent material deposition on
the exposed surfaces of the primary particles [8]. High Resolution TEM (HRTEM) images
reveal the semi-crystalline, pseudo-onion skin structure that is characteristic of individual soot
nanoparticles (cf. Figure 3.5 B). This pseudo-onion skin structure arises from the stacking of
concentrically wrapped, curved graphene sheets [7, 9]. These concentrically wrapped, curved
grapheme sheets are referred to as lattice fringes and range in length from 3-4 nm with an
interlayer spacing of 0.3-0.6 nm [4, 7, 10, 11]. These individual graphene layers are described as
being oriented parallel to the surface of the nanoparticle while still being randomly oriented in a
central core region [11]. These individual soot nanoparticles have been further separated into
and inner and outer core. The inner core appears amorphous and is composed of several fine
particles of 3-4 nm in diameter whereas the outer core is composed of micro crystallites with
periodic orientation of the curved graphed sheets [12]. The presence of concentrically wrapped,
curved grapheme sheets is indicative of “mature soot” [11]. Mature soot is often “graphite-like”
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Figure 3.5 A. Characteristic TEM image of soot from the oxidative pyrolysis of 1-MN at
Φ= 2.5. These aggregates are approximately ~20 nm in diameter accumulated into chains
of several hundred nanometers in length. B. HRTEM images revealing the pseudo-onion
skin structure characteristic of individual soot nanoparticles.
in nature and differs from young soot by the absence of light-absorbing organic matter such as in
nature and differs from young soot by the absence of light-absorbing organic matter such as
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PAHs that appear as amorphous carbon (i.e. carbon with no long range crystalline order) in
TEM microscopy [4, 9, 13].
3.2.2 C/H Analysis of Soot
Soot is a complex mixture of “graphite-like” elementary carbon and light-absorbing
organic matter. It is distinguishable through chemical separation as soot and an soluble organic
fraction [6, 9]. Soot collected on cellulose ester filters was separated from the organic soluble
fraction and filter and subjected to chemical analysis for comparison of soot generated from
other combustion sources found in the literature. The elemental composition of the insoluble
fraction, soot, is presented in Table 3.1. Soot generated in Zone 2 from the oxidative pyrolysis
of 1-MN was determined to be composed of 81.8 % carbon, 2.9 % hydrogen, and 1.2% nitrogen.
The relative percent of carbon and hydrogen was consistent with other reported elemental
analysis of soot generated from diesel, kerosene, and toluene. The soot structure contains
primarily fused benzene rings and this aromatic structure gives rise to its primary elemental
Table 3.1 Elemental composition of soot generated from the oxidative pyrolysis of 1-MN
(=2.5) in comparison to other reported soot’s elemental composition.
Soot Precursor

Elemental Composition
C (%)

H (%)

1-MN

81.8

2.9

Diesel [14]

83.5

1.0

Diesel [14]

85.1

9.1

Kerosene [15]

95.2

1.3

Toluene [15]

89.8

7.0

carbon composition with minimal hydrogen content. The soot generated from the combustion
of 1-MN (C11H10) was similar in chemical composition to soot generated from other combustions
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sources but most similar to soot generated from the combustion of diesel fuel, a blend of C10-C19
aliphatic and aromatic hydrocarbons [14, 15].
3.2.3 FTIR Analysis of Soot
The substituent groups associated with soot were examined with FTIR spectroscopy as
another approach to characterize soot for comparison against soot generated from other
combustion sources. The composition of soot and the presence of surface-bound functionalities
present on the soot surface were determined with FTIR spectroscopy (c.f. Figure 3.6). The peaks
and their assignments are given in Table 3.2 based on a comprehensive review of experimental
soot functionality given in the literature [16]. Soot from the oxidative pyrolysis of 1-MN
exhibited an asymmetric stretch associated with CH3 and CH2 at 2960 and 2920 cm-1 with
minimal aromatic C-H stretch at 3050 cm-1. The minimum aromatic C-H stretch observed at
3050 cm-1 is consistent with the fused benzene rings associated with soot structure. Several
oxygen-related functionalities were also observed associated with soot. Carbonyl functionality
(C=O) was detected at 1720 cm-1 as well an aromatic C=C vibration enhanced by
the carbonyl associated with the presence of a PAH moiety at 1600 cm-1. Oxygen–carbon
stretches from single bonds belonging to the ether (1260 cm−1), esters (1100 cm−1) and hydroxyl
(1050 cm−1) groups were also observed. Although soot in the present studies was subjected to
chemical treatment to remove PAHs, the soot generated in the Zone 2 of the dual zone reactor
still exhibited the same functionality of soot generated from other fuel precursors in flames [16,
17]. These functionalities exist on the surface of soot at the edge of individual graphene layers
and holes present in the carbon lattice.
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Figure 3.6 Transmission spectra of soot generated from the oxidative pyrolysis of 1-MN.
Table 3.2 FTIR spectral functionality assignments of soot [16].
Peak/cm-1

Assignment

3050

Aromatic C-H stretch

2960

Alkane CH3 asymmetric stretch

2920

Alkane CH2 asymmetric stretch

1720

Carbonyl C=O

1600

Aromatic C=C enhanced by C=O conjugation

1460

Unsaturated C-H(=CH2) stretch

1260

Ether C-O-C stretch

1100

C-O stretch in ethers, esters, alcohol, and phenol

1050

Unsaturated hydroxyl C-C-O stretch

880

Substituted aromatic C-H

760

Substituted aromatic C-H
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3.2.4 XPS of Soot
X-ray photoelectron spectroscopy (XPS) experiments were carried out to examine the
surface structure of soot generated from the oxidative pyrolysis of 1-MN (cf. Figure 3.7).
Again, these experiments were used as a comparative study to conclude soot generated from 1MN in Zone 2 of the dual zone reactor exhibits similar features as soot generated from other
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Figure 3.7 A. XPS survey spectrum of 1-MN soot. B. XPS C1s spectra of soot at the
binding energy 284.4 eV C. XPS O1s of soot at the binding energy of 532 eV. All graphs are
normalized.
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combustion sources. The predominant features observed in the XPS experiments were the
carbon C1s at the binding energy 284.4 eV and the oxygen O1s at the binding energy of 532 eV
(cf. Figure 3.7 A). Based on the intensities of the C1s and O1s spectra, the surface composition
can be calculated. Soot generated from the oxidative pyrolysis of 1-MN was found to possess
88.8 % carbon and 11.1% oxygen. The broadened features observed within the C1s in Figure 3.7
B spectrum around 284.4 are attributed to disorder in the graphitic lattice structure of soot
(<284.4 eV) and contribution from oxygen functionalities (>286.5 eV) [18]. The contributions
to the C1s are assigned in the literature to hydroxyl groups (C-OH) at 286.1 eV, carbonyl groups
(C=O) at 289.1 eV, and ester groups (C=O(OR)) at 289.1 eV [19]. The major components in the
O1s spectra in Figure 3.7 C are from contributions of the carbonyls (C=O) at 530.1 eV, ethers CO-C at 531.8 eV, and hydroxyls C-OH at 533.4 eV [18]. The surface composition of soot
generated from the oxidative pyrolysis of 1-MN in Zone 2 of the dual zone reactor again has a
similar composition as diesel soot [18, 20, 21].
3.2.5 EPR Spectroscopy of 1-MN Soot
Electron Paramagnetic Resonance (EPR) spectroscopy is the standard tool for the
detection of paramagnetic species and has been widely used to elucidate the nature of
combustion products produced from various sources including: propane [22], hexane [23-25],
anthracene [26], diesel [25, 27], jet fuel [25, 28], coal [29-31], ash [32], ambient particulate [3337], and cigarettes [38]. The EPR signal of the condensable material collected on cellulose ester
filters from the oxidative pyrolysis of 1-MN is presented in Figure 3.8 A. The EPR signal
consists of a broad singlet with a g-factor of 2.0030 and spectral width (ΔHp-p) of 8 G. The
persistent nature of the radical signal and g-factor are consistent with carbon-centered radicals
associated with soot.
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Figure 3.8 A. EPR signal of soot from the oxidative pyrolysis of 1-MN collected on cellulose
ester filters for 30 min. B. First-order decay profile of 1-MN soot.
The broadness of the signal and lack of hyperfine structure impede spectral assignment
and suggests the presence of multiple radical species. This is a common idea found throughout
studies of particulate by EPR. For example, the presence of multiple radical species contributing
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to the EPR signal of particulate has been proposed based on similar broad signals observed from
the combustion of plastics, wood, and coal [32, 39]. The broad signal was suggested to result
from overlapped characteristics of carbon-centered radicals from a single electron localized on
an aliphatic or organic carbon and oxygen-centered radicals [32]. Decay plots of the radical
signal intensity as a function of time as the sample ages under ambient conditions has also
contributed to the hypothesis of multiple radicals contributing to the EPR signal of particulate.
The first-order radical decay profile of particulate generated from the oxidative pyrolysis
of 1-MN is presented in Figure 3.8 B. The g-factor did not exhibit any statistical change over the
timeframe of the experiments. Three first order decays were observed including: a rapid decay
(1/e half-live = 2.1 days), an intermediate decay (1/e half-live = 12.6 days), and stabilization of
the EPR signal almost indefinitely. The radicals associated with the initial decay have been
suggested to be a carbon-centered radical species based on the relatively short lifetime [30]. The
radical associated with the intermediate decay is believed to be an oxygen-centered radical
species and the stabilization of the EPR signal is characteristic of soot. The presence of multiple
decays and the stabilization of the EPR signal along with the broadness of the EPR signal further
suggest the presence of multiple radical species contributing to the EPR signal associated with
particulate.
3.3 Nanoparticle Mediated Molecular Growth of Soot
The role of iron oxide nanoparticles in the molecular growth and particle inception of
soot was determined from the addition of ~5 nm iron oxide nanoparticles to a 1-MN fuel. These
nanoparticles were introduced prior to soot inception and could impact the normally gas-phase
reactions of soot formation from 1-MN. It is important to note the design of the dual zone
reactor ensured the iron nanoparticles condensed prior to introduction to the high sooting 1-MN
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fuel and were available to actively participate in all stages of the soot formation process. Metal
oxides, such as iron oxide nanoparticles, have exceedingly small vapor pressures even at high
temperatures and would preferentially condense. These condensation nuclei are active sites for
the molecular growth/organization of carbon species. Based on the EPFR model of radical
formation/stabilization at transition metal oxides surfaces and subsequent molecular growth at
elevated temperatures/concentrations, the introduction of iron oxide nanoparticles to a 1-MN fuel
can result in the catalyzed formation of soot. Surface-mediated, radical-radical or radicalmolecule, molecular growth reactions result in the formation of soot from hydrocarbon fuels
under reducing conditions at 1100˚C. If metal oxides enhance the molecular growth and particle
inception of soot then changes in surface morphology, number density, radical concentration,
and product distribution should arise from the addition of iron oxide nanoparticles to a high
sooting 1-MN fuel. Initial experiments were conducted to determine at what fuel/air equivalence
ratio (Φ) soot formation was enhanced in the presence of iron oxide nanoparticles.
3.3.1 Optical Absorbance of Soot
Soot yields were determined as a function of the fuel-to-air equivalence ratio (Φ) and as a
function of introduced metal concentration by optical absorbance at 466 nm of particles
suspended in aqueous solutions (cf. Figure. 3.9). A survey absorbance spectrum was taken and
the optical absorbance measurements were made at a single wavelength based on the most
intense peak found in the survey spectrum (466 nm). The visible region exhibited the largest
peak because as conjugated π-systems become larger the energy gap for a π-π* transition
becomes increasingly narrow, and the wavelength of light absorbed correspondingly becomes
longer. Since smaller PAHs absorb radiation in the UV region, the visible region was selected to
examine the larger conjugated systems, a characteristic intrinsic to soot. Minimal soot formation
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occurred at lower Φ’s of 1.6 and 2 based on the low absorbance reading. This was also apparent
from visual examination of the products condensed on the cuvettes based on the presence of an
oily condensate consistent with PAHs and lack of black particles characteristic of soot. At these
Φ’s oxidation reacts primarily dominate and soot formation is minimized.
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Figure 3.9 Soot yields as a function of the fuel-to-air equivalence ratio (Φ) and of introduced
iron oxide nanoparticles concentration by optical absorbance at 466 nm.
As the system became more pyrolytic, Φ increased, the reactor generated more soot from
the 1-MN fuel as observed from the absorbance measurements and visual inspection of the
products condensed on the cuvettes. At Φ = 2.5, the transition from PAH formation to soot
formation occurred based on the drastic increase in absorbance. The increase in soot formation
as a function of Φ was expected because soot formation increases as the oxygen availability
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decreases within the system. As there are not sufficient amounts of oxygen available to the
combustion process, complete oxidation of the fuel source does not occur and subsequently
results in un-burnt fuel promoting the soot formation process.
Addition of iron oxide nanoparticles to a high sooting 1-MN fuel resulted in increased
optical absorbance as Φ was increased to more pyrolytic conditions (cf. Figure 3.9). The
concentration of iron oxide nanoparticles could be linearly increased by changing the
iron/dendrimer solution concentration while maintaining the diameter of the particles. The
dendrimer templating technique was selected because the size of the resulting nanoparticles is
dictated by the generation of the dendrimer and not the concentration of iron in solution. Thus,
an increase in the concentration of the fully doped dendrimer complexed with iron (each
terminus of the dendrimer binds one iron atom) resulted in increased generation of ~5 nm iron
oxide nanoparticles instead of larger sized nanoparticles. Increased introduction of ~5 nm iron
nanoparticles resulted in enhanced production of soot at every fuel/air equivalence ratio (Φ). At
lower fuel/air equivalence ratios, the production of soot was low and not linear with increasing
iron oxide nanoparticle addition. However, at Φ = 2.5, 5.0 a somewhat linear correlation was
found between the presence of iron oxide nanoparticles and soot formation.

This experiment

concluded a fuel/air equivalence ratio exceeding Φ ≥ 2.5 was needed to generate soot from the 1MN fuel.
3.3.2 Influence of Φ on Soot Morphology
Soot has a distinctive morphology described through TEM microscopy by the existence
of small spherical particles and globular coalesced aggregates of ~30 nm in diameter
accumulated into chains of several hundred nanometers in length [4-7]. These small spherical
particles and globular coalesced aggregates of ~30 nm in diameter arise from the stacking of
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concentrically wrapped, curved graphene sheets during the soot formation process [7, 9]. These
concentrically wrapped, curved grapheme sheets are referred to as lattice fringes and are found in
the literature to range in length from 3-4 nm with an interlayer spacing of 0.3-0.6 nm [4, 7, 10,
11]. The presence of curved grapheme sheets is indicative of “mature soot” and is “graphitelike” in nature [11].
In comparison, the earliest soot formed in flames is composed of liquid-like precursor
particles laden with PAHs [40]. Electron micrographs of thermophoretically trapped particles
can distinguish the difference between the translucent, liquid-like precursor particles low in the
flame and the well characterized agglomerated nanostructures. PAHs containing 16 to 32
carbon atoms were the most abundant species in earliest soot particles [40] and appear as
amorphous nanostructures. These immature soot particles are commonly referred to as “young
soot” and have structures characterized by disorder [13]. These particles are most commonly
irregularly shaped and appear to be staked upon one another with a coating material between
them, which may indicate that a liquid-like substance is either present or was once present [41].
These particles are best-described as being composed of light-absorbing organic matter such as
PAHs that appear as amorphous carbon (i.e. carbon with no long range crystalline order) in
TEM microscopy [4, 9, 13].
The influence of the fuel/air equivalence ratio (Φ) on the resulting morphology of
particles generated from the oxidative pyrolysis of 1-MN is presented in Figure 3.10. The
condensable products generated from 1-MN as a function of fuel/air equivalence ratio were
thermophoretically trapped and subjected to TEM analysis. Amorphous particles, suspected of
containing soluble organic precursors were evident at Φ’s as small as Φ =1.4. These particles are
irregularly shaped with an approximate diameter of 10 nm, non-agglomerated, and have no
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distinguishable lattice fringes. However, an increase in Φ resulted in the formation of larger
more agglomerated particles. The carbon like structures observed at Φ=2.5 with a diameter of
~300 nm are larger than the typical soot nanoparticle (20-30 nm) and are non-agglomerated. The
transparency and the size of the carbon sheet suggest the smaller amorphous particles had grown
to a larger single PAH structure at Φ=2.5. Although these agglomerates were larger, there was

Figure 3.10 TEM micrographs of soot morphology formed from the pyrolysis of 1-MN at
Φ=1.4-5.0 and 1100˚C, with and without the addition of ~5 nm iron oxide nanoparticles.
still no concentrically wrapped nanoparticles observed or distinguishable lattice fringes
characteristic of mature soot. A further increase in Φ resulted in the formation of small spherical
particles and globular coalesced aggregates of ~30 nm in diameter accumulated into chains of
several hundred nanometers in length.
Introduction of iron oxide nanoparticles at the same fuel/air equivalence ratios resulted in
morphological transformation of the condensable products generated from the 1-MN fuel.
Although amorphous particles, suspected of containing soluble organic precursors, were still
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present at Φ’s as small as Φ =1.4, the introduction of iron oxide nanoparticles resulted in the
formation of larger more agglomerated particles. The amorphous carbon precursors previously
observed at Φ =2.5 from the 1-MN transformed into concentrically wrapped nanoparticles
agglomerated into larger chains from the addition of iron oxide nanoparticles. Along with the
coalesced soot particles, larger amorphous carbon species were observed at Φ =2.5 with iron
oxide nanoparticle addition. At more pyrolytic conditions, Φ =5.0, the typical features observed
with “mature soot” were still observed. Even in this instance, larger soot structures were
observed from iron oxide nanoparticle addition.
The introduction of iron oxide nanoparticles resulted in the formation of randomly
oriented amorphous carbon structures characteristic of soot at lower equivalence ratios. This
indicates the introduction of iron oxide nanoparticles induced the formation of soot at lower
equivalence ratios than purely gas-phase reactions.
3.4 Metal Enhanced Soot Formation
The potential for metals to mediate the molecular growth of soot was examined for soot
generated in the presence in absence of iron oxide nanoparticles at Φ=2.5 and 1100˚C. This
fuel/air equivalence ratio (Φ) was selected based on the difference in condensable materials
obtained in TEM images of soot in the presence and absence of iron oxide nanoparticles at
Φ=2.5. The differences in observed morphology present the ideal conditions to examine the
influence of iron oxide nanoparticles in the molecular growth of soot.
3.4.1 Influence of Iron Oxide Nanoparticle Addition on PAH Formation
The influence of iron oxide nanoparticle addition on the product distribution of PAHs
was determined by GC-MS analysis (cf. Figure 3.11). Products were condensed on a liquid N2
trap at the end of the dual zone reactor maintained at 77K with liquid N2. The PAH product
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distribution obtained at Φ = 2.5 from the oxidative pyrolysis of 1-MN as a function of introduced
iron oxide nanoparticle concentration is presented in Figure 3.11. Naphthalene (C10H8),
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Figure 3.11 PAH product distribution obtained at Φ = 2.5 from the oxidative pyrolysis of 1MN as a function of introduced iron oxide nanoparticle concentration.
phenanthrene (C14H10), and coronene (C24H12) were identified as the major products from the
oxidative pyrolysis of 1-MN. High concentrations of naphthalene were anticipated as
naphthalene formation from 1-MN proceeds predominately from the oxidation of the 1-MN fuel.
Phenanthrene has also been reported as the major pyrolysis product from 1-MN [42]. These
products initially increased in concentration in the presence of 0.172 ppm iron oxide but then
decreased in concentration as the concentration of iron oxide nanoparticles increased linearly.
The initial increase in PAH concentration followed by a decrease in PAH concentration
indicate the incorporation of the PAH species into soot at the concentration of iron oxide
nanoparticles increased linearly. This is supported by the mass yield of soot generated as a
function of iron oxide nanoparticle concentration. The yield of condensable material collected
76

from the oxidative pyrolysis of 1-MN on cellulose ester filters was found to increase linearly as a
function of iron oxide nanoparticle concentration. This indicates that PAHs make the transition
from volatile species to soot as the iron oxide nanoparticle concentration increases within the
system.
3.4.2 Influence of Iron Oxide Nanoparticle Addition on Soot Number Density
A DMA-UCPC was utilized to determine the number density (number of particles per
given volume) of soot generated from the oxidative pyrolysis of 1-MN as a function of iron
oxide nanoparticle concentration (cf. Figure 3.12). The TSI Model 3081 will measure the
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Figure 3.12 Number density of soot generated from the oxidative pyrolysis of 1-MN as a
function of increased iron oxide nanoparticle concentration.
number density as a function of the particle size between 2 and 1000 nm. Particles with a
diameter of 40-350 nm were observed from the oxidative pyrolysis of 1-MN. This size
distribution is consistent with the structure of soot where ~20 nm, spherical, semi-crystalline
particles aggregate into long chains of several hundred nanometers in length. The mean particle
size was determined to be ~ 160 nm. As the iron concentration was increased, the size
distribution shifted slightly to smaller soot particles indicating possible oxidation pathways. The
number density of particles increased as a function of introduced iron oxide nanoparticle
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concentration, which correlated with the increase in soot yield due to iron oxide addition (cf.
Figure 3.13). A 1.5, 1.8 and 2 times increase was observed from the addition of Fe respectively.

Figure 3.13 Total concentration of soot generated as a function of iron oxide nanoparticle
concentration.
3.4.3 Iron Oxide Enhanced Radical Formation
At the core of the EPFR model, radicals are formed/stabilized on the surface of transition
metal oxides. Thus, a correlation should exist between the iron oxide nanoparticle concentration
and the radical signal intensity. The influence of iron oxide nanoparticle addition on radical
formation was examined for soot collected on cellulose ester filters (cf. Figure 3.14). Soot was
collected from the oxidative pyrolysis of 1-MN as a function of iron oxide nanoparticle
concentration by pulling the exhaust stream through a cellulose ester filter with a vacuum pump.
The radical signal obtained from 1-MN as a function of iron oxide nanoparticle concentration is
presented in Figure 3.14. The EPR signal consists of a broad singlet with a g-factor of 2.0030
and spectral width (ΔHp-p) of 8 G. The persistent nature of the radical signal and g-factor are
consistent with carbon-centered radicals associated with soot. The radical intensity increased as
a function of iron oxide nanoparticle concentration while maintaining a g-factor of 2.0030 and
spectral width (ΔHp-p) of 8 G. The radical signal intensity increased by a factor of five from the
addition of 0.516 ppm Fe.
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is presented in Figure 3.15. The g-factor
and spectral width (ΔHp-p) did not exhibit any statistical change over the timeframe of the
experiments as only the signal intensity decreased as a function of time.

Three first order

decays were observed including: a rapid decay (1/e half-live = 2.1 days for 1-MN soot and 3.9

Figure 3.15 The first-order radical decay profile of soot generated from the oxidative pyrolysis
of 1-MN and soot in the presence iron oxide nanoparticles.
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days for 1-MN soot with iron oxide nanoparticle addition), an intermediate decay (1/e half-live =
12.6 days), and stabilization of the EPR signal almost indefinitely. These decays are believed to
be associated with an carbon-centered radical species presumably from the initial PAH fuel
precursor, an oxygen-centered radical species based on previous studies of EPFRs [43-48], and
soot based on the persistent nature of the radical signal [30, 37]. These decays were observed in
both soot from 1-MN and soot generated from 1-MN in the presence of iron nanoparticles
indicating iron oxide nanoparticles either stabilized the radicals and/or increased radical
formation. However, the initial decay associated with soot from 1-MN soot with iron oxide
nanoparticle addition was observed to be longer than soot generated solely from 1-MN,
indicating a potential stabilization of the radical associated with soot generated in the presence of
iron oxide nanoparticles. This stabilization is important because this decay has been associated
with initially formed PAH radical species [30]. Since 1-MN is a PAH fuel, this species is
believed to be the initially formed PAH radicals formed from cleaving of the parent PAH
precursor.
3.4.4 Correlation of Radicals and Iron Oxide Nanoparticle Concentration
Since a correlation was established between the iron oxide nanoparticle concentration and
the radical signal intensity, the relationship between Fe concentration and the radical signal
intensity of soot was investigated. The soot generated as a function of iron nanoparticle
concentration was subjected to ICP-OES analysis for determination of Fe present in soot. The
radical signal intensity was measured with EPR spectroscopy 20 days after the sample was
generated to ensure the radical signal stabilized and the radical signal was only associated with
soot. The soot was then removed from the filters and digested for ICP-OES analysis to
determine if a correlation existed between the radical concentration and Fe present in soot (cf.
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Figure. 3.16).

The concentration of Fe in soot was determined to be between 8-60 ppmw. It is

important to note even soot generated in the absence of iron oxide nanoparticles possessed
relatively low concentrations of Fe even after subtraction of the average concentration of Fe
present from the cellulose ester filters and sample workup. However, it is anticipated iron oxide
nanoparticles present on the dual zone reactor may also contribute to the presence of Fe in soot
generated in the absence of iron oxide nanoparticles. A plot of the Fe concentration (ppmw) as
a function of the radical concentration of soot shows a strong correlation between Fe present in
the soot and the radical concentration.
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Figure 3.16 Correlation between the radical spin concentration of soot and Fe present in
soot.
3.5 Radicals from the Oxidative Pyrolysis of 1-MN
Introduction of iron oxide nanoparticles prior to soot inception resulted in enhanced soot
formation from the oxidative pyrolysis of 1-MN at Φ = 2.5 and 1100˚C. The molecular and
radical intermediates involved in the formation of soot from 1-MN were identified with LTMIEPR spectroscopy to understand the formation mechanism of metal enhanced soot formation.
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3.5.1 Radicals Associated with Particulate
The EPR signal of particulate, a broad featureless singlet, has been proposed to be the
superposition of multiple radical species based solely on the broadness of the signal and the
presence of multiple radical decays [22, 30, 49-51]. At least four separate and distinct radical
species have been suggested to be associated with combustion-generated particulate: (i) the “soot
radical” (ii) organic-carbon centered radicals, (iii) oxygen-centered radicals, (iv) and
environmentally persistent free radicals (EPFRs) (cf. Figure 3.17). Often referred to as “soot
radicals,” this radical is observed as a sharp singlet with a g-factor = 2.0028 - 2.0030 [24, 27, 36,

Figure 3.17 Representation of possible radicals associated with particulate from the
oxidative pyrolysis of 1-MN.
52] and a theoretical ΔHp-p = 2 G[53]. Soot is identified by its persistent nature, relatively high
spin density (1018-1020 spins/g) [25, 26, 38], g-factors ranging from 2.0028 to 2.0030 [27, 30, 36,
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37, 52], and a ΔHp-p ~ 2 - 8 G [22, 24-28, 30, 35, 37]. This radical signal is believed to originate
from a delocalized electron in the carbon matrix from the PAH species that compose the soot
framework [22, 53]. Organic carbon-centered radicals, also referred to as σ or π-type radicals,
result from the cleavage of the parent polycyclic aromatic hydrocarbon (PAH). These organiccarbon centered radicals are defined by their hyperfine splitting constants [54] but may also
appear as a broad featureless spectrum depending on the environment [52]. Oxygen-centered
radicals retain their aromatic structure while incorporating a substituent oxygen atom and exhibit
g-factors in the range of 2.0029-2.0040[55] and often appear as broad featureless spectrum.
EPFRs are radical species formed on the surfaces of transition metal-containing particles by
chemisorption of a molecular precursor and subsequent electron transfer from the organic to the
metal [43-48, 56-59]. This electron transfer results in a reduction of the metal and the formation
of the EPFR. These species have long-lived (hour to days) EPR signals in the presence of air
with g-factors in the range of 2.0024-2.0065 [47, 48]. Since EPFRs can be generated from a
multitude of precursors, these radicals can be both carbon-and oxygen-centered species
depending on the molecular precursor. However, the broadness of the signal associated with
soot makes identification of radical species present in particulate matter difficult and often leads
to the generalization of these species as “soot radicals.”
3.5.2 σ and π-type Radical Formation from 1-MN
The association of multiple radical species with soot makes identification of radical
intermediates involved in the formation of soot from 1-MN a complex and difficult task. This
task is further complicated by the large quantity of organic carbon-centered radicals, also
referred to as σ or π-type radicals, created from the cleavage of the 1-MN hydrocarbon fuel.
Although these organic-carbon centered radicals should be distinguishable by their hyperfine
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splitting constants, σ and π-type radicals associated with soot appear as merged features in the
broad featureless spectrum commonly associated with soot. The only distinction between these
radicals is based on an identifiable g-factor.
The initial σ or π-type radical radicals formed from the oxidative pyrolysis of 1-MN through
hydrogen abstraction and methyl elimination were examined with DFT calculations and were
visualized with GaussView 09. These radicals include the naphthyl radical, naphthalene 1methylene radical, and 1-methylnaphthyl radical. The radicals’ optimized geometric structures
are presented in Figure 3.18 along with the visualization of the electron density to demonstrate
the difference in σ and π-type radical species and as the initial step to calculate radical g-factors.
The g-factors are presented in Table 3.3 for comparison. Elimination of the methyl radical from
1-MN results in the formation of the naphthyl radical, a σ-type radical. The designation of this
radical as a σ-type radical is supported by examination of the electron density profile. In the case
of the naphthyl radical, the electron density is greatest at the position where the hydrogen was
abstracted and localized outside the naphthalene ring. This electron density is localized outside
the naphthalene structure in an σ-orbital and is hence referred to as a σ-type radical. Similarly,
hydrogen abstraction from 1-MN results in the formation of the 1-methylnaphthyl, a σ-type
radical. Again, the electron density is localized outside the naphthalene in a σ-orbital. Hydrogen
abstraction from the methyl group of 1-MN produces the naphthalene 1-methylene radical. The
electron density is distributed around the naphthalene ring and is more abundant in the π -orbitals
of the naphthalene ring. These radical species are referred to as π –type radicals because of the
delocalization of the electron density within the π-orbitals. These species are an example of a
resonance stabilized radical due to the iso-electronic structural configurations associated with the
radical.
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Figure 3.18 Electron density profile of the naphthyl radical, the naphthalene 1-methylene radical, and the 1-methylnaphthyl radical
formed from the oxidative pyrolysis of 1-MN optimized with b3lyp and EPR-II. Carbon atoms are grey and hydrogen atoms are red.
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Table 3.3 Calculated g-factors for the naphthyl radical, the naphthalene 1-methylene radical,
and the 1-methylnaphthyl radical formed from the oxidative pyrolysis of 1-MN.
Naphthyl Radical
Functional

Basis Set

g(x)

g(y)

g(z)

Average g

b3lyp

EPR-II

2.001524

2.002130

2.003008

2.002221

pbe1pbe

EPR-II

2.001495

2.002130

2.002976

2.002200

b3lyp

6-311++g**

2.001502

2.002125

2.003064

2.002230

b3lyp

aug-cc-pvdz

2.001533

2.002128

2.003000

2.002220

pbe1pbe

6-311++g**

2.001489

2.002128

2.003018

2.002212

pbe1pbe

aug-cc-pvdz

2.001510

2.002129

2.002964

2.002201

1-Methylnaphthyl Radical
Functional

Basis Set

g(x)

g(y)

g(z)

Average g

b3lyp

EPR-II

2.001559

2.002089

2.003133

2.002260

pbe1pbe

EPR-II

2.001539

2.002086

2.003097

2.002240

b3lyp

6-311++g**

2.001539

2.002087

2.003197

2.002274

b3lyp

aug-cc-pvdz

2.001566

2.002089

2.003130

2.002261

pbe1pbe

6-311++g**

2.001532

2.002087

2.003146

2.002255

pbe1pbe

aug-cc-pvdz

2.001550

2.002086

2.003092

2.002243

Naphthalene 1-Methylene Radical
Functional

Basis Set

g(x)

g(y)

g(z)

Average g

b3lyp

EPR-II

2.002854

2.002878

2.002156

2.002629

pbe1pbe

EPR-II

2.002859

2.002876

2.002154

2.002630

b3lyp

6-311++g**

2.002895

2.002919

2.002156

2.002657

b3lyp

aug-cc-pvdz

2.002857

2.002883

2.002153

2.002631

pbe1pbe

6-311++g**

2.002877

2.002908

2.002162

2.002649

pbe1pbe

aug-cc-pvdz

2.002847 86 2.002877

2.002159

2.002628

The calculated g-factors for naphthyl, naphthalene 1-methylene, and the 1methylnaphthyl radical are presented in Table 3.3. The g-factor for the two a σ-type radicals
(naphthyl and 1-methylnapththyl radical) was calculated to be ~2.0022 whereas the g-factor for
the π –radical (napthalene1-methylene radical) was calculated to be ~2.0026. Although this is a
substantial difference considering the electron g-factor is one of the most precisely measured
values with a relative uncertainty of 2.6 ˟ 10-13, no distinquishment can be made between the σtype carbon-centered radical species and thus a g-factor alone cannot be utilized to distinguish
individual radical species.
3.5.3 LTMI-EPR Spectroscopy
The radical and radical intermediates involved in the formation of soot from 1-MN were
identified with LTMI-EPR spectroscopy. This specialized technique was used because of the
lack of hyperfine structure and undistinguishable g-factors associated with the EPR signal of soot
from the oxidative pyrolysis of 1-MN (cf. Figure 3.8A). This technique provided a means of
gas-phase sampling of paramagnetic species without impacting the overall reaction chemistry.
LTMI-EPR spectroscopy was employed for the detection of paramagnetic species formed during
the growth of soot from a high-sooting 1-MN fuel at Φ = 2.5 and 1100˚C in the absence of iron
oxide nanoparticles. The influence of iron oxide nanoparticle addition of the radical signal was
then evaluated.
EPR analysis of particulate accumulated from the reactor exhaust at sampling point C
reveals new paramagnetic species (cf. Figure 2.4 for port designations). The radical signal
initially appeared to be consistent with the broadened signal (Figure 3.19 A) often associated
with the soot radical with a relatively standard g-factor of 2.0030 [24, 25, 27, 28, 60, 61].
However, the EPR spectrum expanded in a 100G window exhibited hyperfine structure, a
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Figure 3.19 A. EPR spectra of particulate accumulated at sampling port C using the
cryogenic method. B. Spectrum A on expanded sale to show detail. C. EPR spectra of
particulate collected on a cellulose-ester filter at the same sampling position.
spectral feature not typically observed in soot (cf. Figure 3.19 B). Since soot is composed of
carbon, which has no nuclear moment (C12), there should be no hyperfine structure arising from
the carbon atoms, or from other constituent atoms [53]. In addition, the spectral width (ΔHp-p) of
carbonaceous material, which results from electron spin-spin interactions, will only be between 1
and 2 G. [53]. This hyperfine structure must result from paramagnetic intermediates embedded
in or attached to the carbon soot matrix.
The EPR signal obtained utilizing the LTMI- EPR technique was compared against soot
collected on cellulose ester filters at the same sampling location to determine if the LTMI-EPR
technique revealed new details previously not reported for soot. Although the EPR spectrum of
soot collected on cellulose-ester filters exhibited a g-factor consistent with the soot radical of
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2.0030, the ∆Hp-p varied between 2-8 G and exhibited small side features (cf. Figure 3.19 C).
Most often the side features presented in Figure 3.19 C, of soot on cellulose ester filters, were
merged and the EPR signal appeared as a broad featureless spectrum. This broadened featureless
spectrum has been reported in the literature for soot from a variety of other anthropogenic
sources [25, 30, 31, 35, 37]. Since soot collected on the cellulose ester filters exhibited similar
unresolved features as the spectral features observed in soot collected with the LTMI-EPR
technique, it is inferred that the hyperfine structure observed with the LTMI-EPR technique is
the previously unresolved and speculated paramagnetic intermediates associated with soot. This
demonstrates collection of soot on filter media results in the loss of hyperfine structure and
broadening of the EPR signal. Thus the use of the LTMI-EPR technique provided new details
about the previously unresolved EPR signal of soot.
Annealing experiments were performed to determine the stability of the paramagnetic
species and if the EPR signal originated from more than one radical species [62]. Heating the
Dewar cold-finger to room temperature increases the mobility of radicals and results in
recombination of the more active intermediates. Recombination of the more active radical
species should lead to a change in the EPR signal and confirm the existence of multiple radical
species. Gradual warming of the matrix resulted in the loss of hyperfine structure and
conversion of the EPR signal presented in spectrum 3.20 A to spectrum 3.20 B. Since the system
was maintained in a an isolated environment, loss of the reactive paramagnetic species resulted
from radical recombination at elevated temperatures and subsequent hyperfine structure loss,
shift in g-factor to 2.0034, and decrease in the total width of spectrum from 48G to 10G, while
maintaining the Hp-p = 2 G for the central soot signal. This g-factor in Figure 3.20 B is typical
of an oxygen-centered radical [55]. Further annealing of the matrix resulted in the appearance of
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Figure 3.20 A. EPR spectra of particulate collected on Dewar cold finger. B. EPR spectra
after gradual annealing of the matrix. C. EPR spectra after further annealing. D. The
subtraction spectrum, A – B, provides a residue spectrum of the mixture of annihilated
organic radicals.
a symmetrical singlet line with a g-factor of 2.0030, Hp-p = 2 G, and Htotal ≤ 10.0 G (cf. Figure
3.20 C), characteristic of the soot radical and its theoretical spectral width [55]. Any further
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annealing resulted in no significant change in the EPR spectrum, even at room temperature.
Spectrum 3.20 D is a residue spectrum, a subtraction of A – B, which represents a mixture of the
annihilated organic radicals (vide infra).
The stability of the radical species on the Dewar cold finger at temperatures ranging from
-196˚C to - 50˚C was monitored by adding a mixture of ethanol/acetone in dry ice to the Dewar
after the liquid N2 was removed. The Dewar was held at the specified temperature for 15
seconds and then quickly replaced with liquid N2. The organic radical signal was found to be
stable from -196˚C to - 80˚C. Whereas at -50 ˚C the organic radical signal disappeared
completely leaving only soot particles on the cold finger. The EPR spectra of the delocalized
electron in a carbon matrix, soot, were stable over the entire temperature region, from -196 ˚C to
room temperature. Pure organic radicals, free from any matrix, are typically only stable to 100˚C[63].
Power dependence studies of EPR signals reflect the spin-lattice relaxation time, a
measure of the rate of energy transfer between the electron spin and its surroundings. As the
microwave power is increased, the spin-lattice relaxation slows and the population difference
needed to maintain the electron distribution is lost. This results in no net absorption of the
electron and is referred to as saturation. Since not all components of an EPR spectrum have the
same microwave power dependence, this can be used to distinguish the presence of multiple
components in one signal. The EPR spectrum of particulate as a function of the microwave
power is presented in Figure 3.21. By varying the microwave power, the signal can be clearly
shown to be composed of two features. At low microwave power (0.1mW), the organic radical
is clearly resolved (cf. Figure 3.21). As the microwave power is increased, the organic radicals
signal begins to saturate and the soot radical emerges. Removal of the soot radical by
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Figure 3.21 Power dependence of spectra of particulate collected on Dewar cold finger. At
low microwave power, the organic radical is resolved.
subtraction of the spectrum obtained at 161 mW from the spectrum obtained at 0.1 mW results in
a spectrum similar to the spectrum in Figure 3.20 D. These microwave power dependence studies
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provided an alternative method to distinguish the presence of multiple components in the
complex EPR signal obtained from the oxidative pyrolysis of 1-MN.
Since the hyperfine structure was observed in particulate collected at sampling location C
in the dual zone reactor, where the temperature was low, the formation of reactive intermediates
was investigated at various positions in Zone 2, and thus different reaction times during the
oxidative pyrolysis of 1-MN. Moving the probe closer to the exit of Zone 2 (sampling points IIV) resulted in a singlet spectrum with g = 2.0030 and Hp-p = 2 G and a gradual increase in the
signal intensity due to increased soot yield (cf. Figure 3.22). Position IV exhibited a signal an
order of magnitude higher than position I. However, the EPR spectrum at position IV differed
slightly from the singlet EPR signal at position I by the presence of some hyperfine splitting
consistent with what was observed at sampling port C in the exhaust stream. The hyperfine

Figure 3.22 Normalized EPR spectra of soot particles detected in Zone 2, in the
quenching zone of the reactor (ports A and B) and in the exhaust stream, port C.
splitting began to appear at sampling port IV (800˚C) and continued to grow as the temperate
decreased. Since the hyperfine structure was not observed in the EPR spectrum of particulate
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collected in the isothermal region through sampling ports I-III maintained at 1100˚C, it appears
the concentration of these radicals was much lower at elevated temperatures because of
acceleration of their decomposition pathways. Consequently, at lower temperatures in the
quenching zone these organic radicals may be the dominant species and soot yields increase
significantly.
The EPR signal was obtained as a function of the Zone 2 reactor temperature at sampling
port C to establish the Zone 2 temperature necessary to detect the observed EPR signal with
hyperfine splitting (cf. Figure 3.23). No discernible radical signal was obtained when the Zone 2
reactor was maintained at 900˚C and the 1-MN fuel condensed on the walls of the reactor. A
Zone 2 reactor temperature of 900˚C corresponds to a 68˚C exhaust temperature at sampling Port
C. At 950˚C a broadened singlet was observed with minimal hyperfine splitting. The side
950°C
1000°C
1050°C
1100°C

2.03

2.02

2.01

2.00

1.99

1.98

g-factor

Figure 3.23 EPR signal a function of the Zone 2 reactor temperature at sampling port C in
the exhaust.
features associated with the hyperfine splitting grew as the temperature was increased from 9501050˚C. The hyperfine splitting was most prevalent at 1050˚C, but the central line intensity was
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very weak. At 1100˚C the central line intensity grew by a factor of three while the intensity of
hyperfine splitting decreased drastically. The decrease in hyperfine splitting associated with the
carbon-entered radicals and the growth of the soot radical intensity suggests the carbon-centered
radical species are transformed into soot at higher temperatures.
The fuel/air equivalence ratio (Φ) was varied between 1.0 and 3.0 to determine the
minimal Φ necessary to detect the observed EPR signal with hyperfine splitting from the
oxidative pyrolysis of 1-MN. Under stoichiometric to slightly sub-stoichiometric conditions (Φ
<1.5), no EPR signal was obtained. At Φ = 2.0, the central line with hyperfine splitting was
observed at a g-factor of 2.0030. The intensity of the radical signal increased as a function of the
decreased oxygen availability. As the system became more oxygen lean, radicals associated with
particulate were more readily observed.
3.5.4 Determination of σ and π-type Radicals
Accumulation of particulate from the exhaust stream of the dual zone reactor revealed a
mixture of paramagnetic centers including organic radicals and soot.

The hyperfine structure

associated with the organic radical provided a method to identify the species through simulation
of theoretical EPR spectrum. As an initial step in the identification of radicals formed from the
oxidative pyrolysis of 1-MN, the predominant pathway associated with the formation of the
initial radicals (naphthyl, naphthalene 1-methylene, and the 1-methylnaphthyl radical) was
determined with DFT calculations (cf. Figure 3.24). These reported energies are with the
B3LYP functional and the aug-cc-pvdz basis set. However, the same trends were observed when
varying the basis set and functional.
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Figure 3.24 Calculated ∆EReaction for initial radicals formed during the oxidative pyrolysis of
1-MN.
Hydrogen elimination from 1-MN results in the formation of the naphthalene 1-methylene
radical and was determined to have a ∆EReaction of 91.9 kcal.mol. Formation of the naphthyl
radical by methyl elimination was determined to have a ∆EReaction of 102.1 kcal/mol. Similarly,
formation of the 1-methylnaphthyl radical through hydrogen abstraction of the naphthalene rings
was determined to have a ∆EReaction of 115.1 kcal/mol. Based on these energy calculations, the
predominant radical pathways associated with the oxidative pyrolysis of 1-MN is the formation
of the naphthalene 1-methylene radical. DFT calculations were then performed to determine the
hyperfine splitting constants (isotropic Fermi contact couplings) for the naphthyl radical, the
naphthalene 1-methylene radical, and the 1-methylnaphthyl radical . The calculated hyperfine
splitting constants for the radical species are presented in Table 3.4. The simulated spectrums of
the radicals are presented in Figure 3.25 with the corresponding numerical labeling and the
calculated hyperfine splitting constant of each hydrogen atom. These calculations were
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Table 3.4 Isotropic hyperfine splitting constants for radicals associated with the oxidation of 1-MN. These calculations were calibrated
against both theoretical and experimental isotropic hyperfine splitting constants for the benzyl and phenyl radical. The absolute values are
reported.

Literature[64]

Literature[64]
Literature[65]

H(7)
1.5629

H(7)
0.56733

H(11)
1.3555

H(7)
2.6864

H(13)
15.7670
-

H(7)
16.8524
-

H(8)
0.28357

H(8)
4.8721

H(11)
16.9564
-

average (H)
15.7673
15.7

Phenyl Radical
average (H)
H(8)
16.9044
5.9563
17.4
17.4
-

H(10)
6.0217
-

Naphthalene 1-methylene Radical
H(9)
H(12)
H(15)
H(16)
H(17)
7.2942 7.1515 1.2196 1.8529 1.1487

H(8)
2.5564

H(12)
1.3569

H(14)
15.7676
-

Benzyl Radical
H(9)
H(10)
average (H)
5.1324 5.1317
5.1321
5.08

H(9)
2.92061

Average
1.3562

1-Methylnaphthyl Radical
H(13)
H(14)
H(15)
0.53588 1.18077 1.18077

H(10)
2.0528

Indenyl Radical
H(13)
Average
2.0516
2.0522

Naphthyl Radical
H(9)
H(12)
H(15)
1.9132 17.0841 0.5572

H(16)
0.4039

average (H)
5.9890
6.31
5.90

H(19)
14.1191

H(18)
18.14111

H(14)
11.0805

H(17)
0.3112
97

H(8)
2.1894
-

H(11)
2.1895
-

H(9)
1.8642
2.00
1.90

H(20)
13.7070

H(19)
4.80678

H(16)
11.0822

H(20)
1.88457

Average
11.0814

H(15)
2.7706

average (H)
2.1895
1.70

H(7)
6.0328
6.00

Figure 3.25 Simulated spectrum from calculated hyperfine splitting constants of radical
species formed from the oxidative pyrolysis of 1-MN. The hydrogen atoms are red with the
corresponding numerical labeling for the hyperfine splitting constants. The solution
parameters of the Hamiltonian were: ∆Hp-p for each individual line was 2.5 G, Lorenzian
lineshape, g = 2.0030.
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calibrated against the benzyl and phenyl radical to ensure the level of computational theory
resulted in both computationally and experimentally observed hyperfine splitting constants [64,
65]. Once calibrated, the hyperfine splitting constants of these radicals were calculated and the
EPR spectrum was simulated. The simulated spectra were then compared against the
experimentally observed hyperfine splitting from the oxidative pyrolysis of 1-MN with the
LTMI-EPR spectroscopy technique. No singular match to the experimental unknown hyperfine
splitting could be established. The possibility of mixtures of these radicals contributing to the
experimentally observed hyperfine splitting constants was then examined through the use of
Bruker’s WIN-EPR SimFonia 2.3 program. Multiple radical signals were superimposed by the
addition of the radical EPR spectrum though inclusion or exclusion of one of the radical’s EPR
spectrum and at different concentration percentages.
The determination of the experimental unknown hyperfine splitting was then expanded to
include other stable radicals generated from the oxidative pyrolysis of 1-MN based on previous
mechanistic studies of 1-MN combustion [66-70]. Expeirments have shown no evidence of ring
attack of either of the aromatic rings of 1-MN and therefore was not considered a feasible
pathway for the oxidation of 1-MN [71].
The simulated spectra were then compared against the experimentally observed hyperfine
splitting detected from the oxidative pyrolysis of 1-MN with the LTMI-EPR spectroscopy
technique. No singular match to the experimental unknown hyperfine splitting could be
established.

Multiple radical signals were then superimposed with the aid of the Bruker’s

WIN-EPR SimFonia 2.3 program through the addition of various mixtures at different
concentrations.
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Addition of the indenyl, cyclopentadienyl, and naphthalene 1-methylene radical EPR
spectrum in proportions of 57.5%, 30.0%, and 12.5% resulted in an EPR spectrum consistent
with the experimental EPR spectrum (cf. Figure 3.26). This mixture of resonance stabilized
radicals exhibited the exact spectral width (ΔHp-p) as experimentally obtained radicals. Based on
this comparison, the radicals associated with the oxidative pyrolysis of 1-MN are the resonance
stabilized indenyl, cyclopentadienyl, and naphthalene 1-methylene radicals.

Experimental
Solution
57.5% Indenyl
30.0% Cyclopentadienyl
12.5% Naphthalene 1-methylene
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Figure 3.26 Comparison of experimental EPR spectra with simulated spectrum composed of
indeyl, cyclopentadienyl, and naphthalene 1-methylene radical. The solution parameters for
the Simfonia simulation were: ∆Hp-p for each individual line was 2.5 G, Lorenzian lineshape,
g = 2.0030.
3.5.5 GC-MS of Products from the Oxidative Pyrolysis of 1-MN
The probability of the resonance stabilized indenyl, cyclopentadienyl, and naphthalene 1methylene radicals being formed from the oxidative pyrolysis of 1-MN were investigated by
examination of the condensable products by GC-MS analysis (cf. Figure 3.27). Products were
condensed on a liquid N2 trap at the end of the dual zone reactor maintained at 1100˚C and
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Φ=2.5 with liquid N2. A quartz fiber filter was placed before the nitrogen trap to ensure no
particulate entered the collected trap. This design was implemented to mimic the conditions of
the LTMI-EPR technique when hyperfine splitting was observed and ensured the volatile species
Phenanthrene
Naphthalene
Anthracene
Fluoranthene
1,1'-Binaphthyl
1-Methylnaphthalene
2-Methylnaphthalene
Indene

1500

ppmv

1000

500

0
950

1000

1050

1100

Temperature (ºC)

Figure 3.27 Major products observed by GC-MS analysis from the oxidative pyrolysis of 1MN.
would condense on the trap. Although a large distribution of products was detected, from
benzene to coronene, only products with a statistical difference as a function of temperature were
plotted. Phenanthrene and naphthalene were identified as the major products from the oxidative
pyrolysis of 1-MN (cf. Figure 3.27). The products concentration was found to decrease as a
function of temperature.
3.5.6 Influence of Iron Oxide Addition on Paramagnetic Centers from 1-MN
The influence of iron oxide nanoparticle addition on the formation of carbon-centered
radical species was also investigated with LTMI-EPR spectroscopy. Iron oxide nanoparticles
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were introduced to 1-MN prior to soot inception. Soot generated in the absence and presence of
iron oxide nanoparticles from the Zone 2 reactor maintained at 1100˚C and Φ =2.5. The same
multi-line spectrum was detected in both the presence and absence of iron oxide nanoparticles
(cf. Figure 3.28). This signal has been previously determined to be the superposition of the
resonance stabilized indenyl, cyclopentadienyl, naphthalene 1-methylene radicals, oxygen

Soot with Fe Addition
1-MN Soot

2.04

2.03

2.02

2.01

2.00

1.99

1.98

1.97

g-factor

Figure 3.28 Observed enhancement in radical formation as a result of Fe(III)2O3 nanoparticle
introduction prior to soot inception.
centered radicals, and soot. Introduction of iron oxide nanoparticles prior to soot inception
resulted in an increase of the radical signal intensity by a factor of 3. Control experiments were
performed to confirm the dendrimer template in methanol associated with the introduction of the
iron oxide nanoparticles did not result in the increased signal intensity. The dendrimer template
did not give an observable EPR signal. The increase in radical intensity associated with the
introduction of iron oxide nanoparticles suggests iron oxide nanoparticles enhanced the
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formation of the resonance stabilized indenyl, cyclopentadienyl, and naphthalene 1-methylene
radicals.
3.6 Speciation of Zone 1 Iron Oxide Nanoparticles
The fundamental basis of the EPFR model is the stabilization of a chemisorbed organic
radical at the metal oxide surface. This metal oxide undergoes a simultaneous reduction as the
organic radical chemisorbs to the surface. The reduction of the metal oxide enhances the
radicals’ stability. Thus, if heterogeneous reactions can influence soot formation, via the EPFR
model pathway, then changes in the oxidation state of the metal oxide should occur upon the
formation of soot. The species of iron oxide nanoparticles generated in Zone 1 of the dual zone
reactor was investigated to determine the speciation of iron oxide nanoparticles generated in the
Zone 1 reactor and if subsequent changes resulted to the metal oxide as a result of soot
formation.
Although Fe(III)2O3 was expected to form in the oxidative regime, the exact species of iron
oxide generated in the Zone 1 reactor proved difficult to determine due to the small particle size
and the relatively low concentration. EPR spectroscopy was utilized because of its capability to
detect and identify intermediate paramagnetic species, including organic free radicals and
paramagnetic metal oxides [62]. Fe(III) ions, with an electronic configuration [Ar]3d5 and s= 5/2
or s= 1/2, are well suited for EPR analysis because the ground state of the paramagnetic ions split
into a number of components resulting in a fine structured EPR spectrum [33]. EPR
Spectroscopy was utilized to identify the oxidation state of the iron oxide nanoparticles
generated within a dual-zone, high-temperature flow reactor prior to and following the oxidative
pyrolysis of 1-MN in which soot formation was enhanced by the addition of iron-oxide
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nanoparticles. By comparing the experimental EPR fine structure to fine structure for other
electronic configurations of iron, the speciation of iron in the nanoparticles can be identified.
3.6.1 Impregnated Fe(III)2O3/Silica Samples
Fe2O3 impregnated silica samples were used to understand EPR spectral features observed
with nanoparticles at low concentrations. Silica was impregnated with 0.5-5.0 % Fe(III)2O3 by
weight to control the concentration of Fe(III)2O3 within the system (cf. Figure 3.29). This method
of preparation resulted in the formation of silica impregnated with Fe(III)2O3 nanoclusters which
have been extensively studied [59, 72, 73]. The EPR spectra of 3 mg samples of Fe(III)2O3
impregnated silica (0.015-0.15 mg of Fe(III)2O3) are presented in Figure. 3.29 A, spectra 2-5.
With the exception of the weak line at g 3.76, these EPR spectra have all of the features
associated with Fe(III)2O3 doped silica previously reported in the literature. Increasing the
quantity of Fe(III)2O3 from 3 mg to 50 mg resulted in concentration broadening, which caused
spectral lines to merge (cf. Figure 3.29 B spectra 2-5) and complete disappearance of the line
centered at g = 3.76. Comparison of the EPR signal, as the mass was increased from 3 to 50 mg
(Figure 3.29, A and B), clearly demonstrated reduction in the sensitivity of the fine structure for
transition metal ions as a function of mass. Instead of two separated peaks centered at g2.00
and g2.28, Figure 3.29A, spectra 2-5, broadening caused those peaks to merge and appear as a
broad peak centered at g2.01 (not labeled) with ∆Hp-p = 870 G (Figure 3.28B, spectra 2-5).
Concentration broadening was minimized by the distribution of Fe(III)2O3 in silica and resulted
in spectral features that could be utilized to clarify the speciation of iron oxide nanoparticles
generated in Zone 1 of the dual zone reactor.
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Figure 3.29 A. EPR spectra of 3 mg of Fe(III)2O3 doped silica particles (0.5-5.0 %
Fe(III)2O3, w/w) measured at room temperature for comparison with a 50 nm Fe(III)2O3
standard. B. EPR spectra of 50 mg of Fe(III)2O3 doped silica particles (0.5-5.0 % Fe(III)2O3,
w/w) measured at room temperature for comparison with 50 nm Fe(III)2O3 standard.
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3.6.2 LTMI-EPR Sampling of Zone 2 Iron Oxide Nanoparticles
Introduction of iron oxide nanoparticles into Zone 2 of the dual-zone reactor (from Zone
1) in the presence of 1-MN resulted in enhanced soot formation and radical formation identified
through the detection of a unique organic radical signal represented in Figure 3.19. The
superimposed EPR signal was determined to be mixture of organic radicals (carbon and oxygencentered) and soot. The carbon-centered radicals were identified as a mixture of the resonancestabilized indenyl, cyclopentadienyl, and naphthalene 1-methylene radicals and that formation of
these radical species was promoted by the addition of iron oxide nanoparticles.
As an unexpected consequence of studying soot generated at 1100˚C and Φ=2.5 in the
presence of iron oxide nanoparticles, paramagnetic species began accumulating on the Dewar
cold-finger over the time period of the experiments and remained on the finger of Dewar after
each experiment (cf. Figure 3.30). The original Dewar EPR signal exhibited spectral features

4.37

3.76

2.7374
2.28 2.00

Initial Dewar
Dewar (1 month)
Dewar (3 months)
Dewar (4 months)
4

3
g-Factor

2

Figure 3.30 Nanoparticles accumulated from the Zone 2 reactor during studies of the effect
of iron oxide addition on soot formation.
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consistent with Fe(III) in high-quality silica glass [74, 75]. A five-fold increase in the signal
intensity at g~2.00 resulted from condensation of products over a four month period of
experimentation. Although there was an observed increase in signal intensity at g~2.00 and g =
2.28, the peaks at g = 4.48 and 3.76 remained very weak. After sampling/collection over a four
month period the Dewar background signal was compared to a standard of 50 nm Fe(III)2O3
nanoparticles and was found to exhibit the same spectral features (cf. Figure 3.31).
Spectral assignment of g-factors are reported in the literature for Fe(III) in silicate glass
[31, 74, 76-80]. For some experiments, the EPR spectrum of Fe(III) in a disordered system
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Figure 3.31 Comparsion of Dewar with accumulated nanoparticles against a standard of 50
nm Fe(III)2O3 nanoparticles.
consisted mainly of lines at g  4.30 and g  2.00 [31, 79]. Multiple interpretations of these gfactors have been proposed. The g ~ 4.30 resonance has been assigned to both tetra- or octocoordinated Fe(III) [77, 78], and rhombic distortion of both tetrahedral and octahedral Fe(III)
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[76, 80]. The g = 2.00 resonance has been interpreted as due to either octa - coordinated Fe(III)
[77, 78]or clusters of Fe(III) ions coupled by strong spin-spin interaction[80]. The broad signals
centered at g = 2.28 were attributed to paramagnetic species in the form of aggregates [33, 34].
The appearance of the EPR line at g = 3.76 is in good agreement with the theoretical possibility
of obtaining isotropic g-factors of 2.00, 3.30, and 4.30 for 3d5 ions [74].
3.6.3 LTMI-EPR Sampling of Zone 1 Iron Oxide Nanoparticles
The oxidation of polypropylenimine tetra-hexacontaamine dendrimer complexed with
iron (III) nitrate nonahydrate primarily resulted in the formation of Fe(III)2O3 nanoparticles
which were detected from the outlet of Zone 2 using the LTMI-EPR technique. The intermediate
species formed in Zone 1 of the reactor maintained at 700˚C were directly identified through
sampling flow from the Zone 1 reactor with LTMI-EPR spectroscopy. The Zone 1 reactor was
separated from the Zone 2 reactor and the probe was placed at the exit of the reactor. It is
important to note the Dewar already contained Fe(III)2O3 nanoparticles accumulated from
previous experiments on the finger. The EPR spectra of the cryogenically trapped new
intermediates overlaid on the EPR spectrum of the Fe(III)2O3 nanoparticles is referred to as the
triplet EPR spectrum and is presented in Figure 3.32 and in an expanded version as an inset
spectrum. The initial background spectrum of Dewar has also been presented for comparison.
The spectral features of the triplet spectrum were observed at g-factors of 2.03, 2.00, and
1.96 with a ΔHp-p = 56.6 G. This spectrum has never been reported in the literature for the gasphase synthesis of iron oxide nanoparticles. Control experiments, described below, confirmed
these observed spectral features did not result from the dendrimeric backbone or the methanolic
solution. Gradual warming of the Dewar cold-finger resulted in the disappearance of the triplet
spectrum, indicating these species were a highly unstable paramagnetic intermediate and is not
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saturated readily at high microwave power (64 mW) at 77K. This signal was also not obtainable
in the absence of oxygen. Multiple experiments were then performed to identify the origin of the

Figure 3.32 EPR of iron oxide nanoparticles generated from the oxidation of
polypropylenimine tetra-hexacontaamine dendrimer complexed with iron (III) nitrate
nonahydrate, and Dewar background signal. Inset – expanded spectrum of (b) in 300 G
window.
triplet, highly anisotropic spectra.
3.6.4 Fe(III)2O3 Nanoparticle Generation from Various Precursors
Iron oxide nanoparticles were generated from various iron precursors in the Zone 1
reactor maintained at 700˚C to confirm the triplet spectra observed at g-factors of 2.03, 2.00, and
1.96 with a ΔHp-p = 56.6 G resulted from paramagnetic iron center and not from the dendrimer
template of the solvent within the system. Nanoparticles were generated from generation 3
through 5 (G3-G5) polypropylenimine tetra-hexacontaamine dendrimer complexed with iron
(III) nitrate nonahydrate (cf. Figure 3.33).

Regardless of the dendrimer generation, no
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differences were observed in the g-factors of the triplet spectra. The dendrimer’s contribution
was negated when nanoparticle generation from iron (III) nitrate nonahydrate in methanol and
water resulted in the same EPR signal as the dendrimer template technique. This ensured the
dendrimer did not contribute to the EPR triplet spectrum and also indirectly confirmed the
solvent was not directly responsible for the observed EPR signal. Generation of nanoparticles
from ferrocene Fe(C5H5) again confirms the dendrimer template is not responsible for the
observed EPR signal. These experiments confirm the unknown triplet spectra observed at gfactors of 2.03, 2.00,
andwith
1.96 Fe(III)Nitrate
with a ΔHp-p = 56.6
G3-G5
* 9HGOis a paramagnetic iron intermediate.

2

Fe(III)Nitrate * 9H2O in MeOH or H2O
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Figure 3.33 EPR of iron oxide nanoparticles generated from generation 3 through 5 (G3-G5)
polypropylenimine tetra-hexacontaamine dendrimer complexed with iron (III) nitrate
nonahydrate, iron (III) nitrate nonahydrate in methanol and water, and ferrocene in methanol.
110

3.6.5 57Fe Labeled Iron Oxide Nanoparticles
Since the oxidation of iron (III) nitrate nonahydrate in both methanol and water produced
the asymmetric triplet spectra as nanoparticles generated with the dendrimer technique,
nanoparticles could be prepared with 57Fe in the form of iron (III) nitrate nonahydrate to further
determine the origin of triplet spectra and conclusively show iron participates in the
paramagnetic center. Theoretically, the introduction of 57Fe, with a non-zero nuclear spin (I=1/2)
will cause a change in the magnetic field experienced by the unpaired electron and can result in
hyperfine splitting [20, 81-85]. This nuclear spin will orient itself either parallel or anti-parallel
with the applied magnetic field and will either add or subtract its momentum from the external
field [81, 82]. This results in the electron resonance occurring at two distinct values that are
distinguishable with sufficient resolution [81, 82]. However, often this doublet is not
distinguishable and appears as broadened EPR signal [20, 82, 83].
Iron (III) nitrate nonahydrate was prepared from Fe2O3 and 57Fe2O3 in a substoichiometric
quantity of 30% HNO3 in water to ensure no excess HNO3. The excess amount of Fe2O3 or
57

Fe2O3 was then removed through centrifugation and subsequent decantation. The solutions

were introduced to the Zone 1 reactor maintained at 700˚C and sampled with the LTMI
technique. The resulting EPR spectra obtained after gas-phase sampling of both synthesized iron
oxide nanoparticle precursors (56Fe(NO3)3 and 57Fe(NO3)3 in water solution) are presented in
Figure 3.34. This synthesis route resulted in the same asymmetric triplet spectrum observed
from the Zone 1 iron oxide (56Fe) nanoparticles with g-factors of 2.03, 2.00, 1.96 and anisotropic
shape and the dendrimer templating technique. This served as a control for the experiments to
ensure the syntheses route of 56Fe(NO3)3 in water from 56Fe(III)2O3 resulted in the same triplet
EPR spectrum. However, a drastic change in spectrum was observed when 57Fe doped
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Figure 3.34 Triplet EPR spectrum of iron oxide nanoparticles generated from
57
Fe(NO3)3 in water from precursors of 56Fe(III)2O3 and 57Fe(III)2O3..

56

Fe(NO3)3 and

Fe(NO3)3 was used as the source of nanoparticles. The reducing of chemical activity of reagents
at isotope exchanges is known in literature [86]. A similar phenomenon occurred in these
experiments; not only are the total intensity of the triplet spectrum decreased from the presence
of 57Fe but also the broad, non-resolved lines observed from 56Fe(NO3)3 between the (a) and (b)
and (b) and (c) peaks are merged. Merging of peaks is typical in isotope exchange experiments
[20, 86]. A broad EPR spectrum (not shown) at low yield of soot has also been detected from
the experiments for soot formation in presence of 57Fe doped nanoparticles (sampling from Zone
2) instead of the featured EPR spectrum regularly detected in presence of 56Fe nanoparticles.
These data suggest Fe from iron (III) nitrate nonahydrate actively participates in the
paramagnetic center and the observed triplet spectra resulted from the presence of a
paramagnetic iron oxide species.
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The same triplet spectrum was detected in all experiments using different iron (III)
precursors dissolved ether in methanol or in water and in presence of oxygen. This fact
unambiguously indicates iron (III) and oxygen participates in the formation of the intermediate
species. The triplet spectrum with large anisotropy is not similar to any organic radical
containing O, N, H in a wide magnetic field window ~ 200 G. The triplet spectrum obtained
from 57Fe(NO3)3 presented in Figure 3.34 at g factors g1 = 2.0020, g2 = 2.0033 and g3 = 2.0397
resembles the superoxide anion-radical (O2•-) absorbed on a metal surface site widely prevalent
in the literature [87-91].
The direct detection of O2•- by EPR spectroscopy is only possible if the O2•- is located in a
lattice or bound at a solid surface [92]. Depending on the surrounding metal ion charge the g3 (at
low magnetic field) for adsorbed superoxide can be changed from 2.07 (2.08) to 2.0220 [90, 93]
and is very sensitive to local environment and topography of the surface [90, 91, 93-95]. The
typical three characteristic literature g-factors for the EPR spectrum of superoxide radicals are
defined dominantly as an orthorhombic signal [93] and are presented in Table 3.5.
The comparison of literature g-factors to our experimental data confirms that one of the
superimposed spectra in Figure 5 (red line) at g-factors g1 = 2.0020, g2 = 2.0033, g3 = 2.0397
resembles the superoxide radical adsorbed on the surface while g2 = 2.0033 differs significantly
from literature values, Table 1. This may be the result of very a diluted concentration of iron
clusters in crystalline structure of the CO2 matrix at 77 K or nano-sized iron nanoparticles
accumulated on cold finger (vide infra). Note that many factors influence on EPR parameters on
adsorbed superoxide on solid surfaces; for instance non-equivalency of oxygen atoms [93, 96],
absorbance of superoxide on different crystalline sites (end-on adsorption) [90], ionic strength of
lattice, the charge of surrounding transition metal [90], and dilution of the metal oxide in solid
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Table 3.5 Literature characteristic values of g1, g2 and g3 for superoxide radical adsorbed
on different surfaces.
g1

g2

g3

Registration temperature (K)
and experimental conditions

References

2.0016

2.0083

2.0770

77 K, adsorption of O2 on MgO

88

2.0042

2.0115

2.0340

298 K, adsorption of O2 on a
silver

89

2.0020

2.0090

2.0770

77K, low-temperature
adsorption of O2 on MgO

90

2.0033

2.0098

2.0212

77 K, interaction of H2O2 with
TiAlPO-5 molecular sieve

93

2.0020

2.0080

2.0250

298 K, thermally,
photochemically on TiO2
surfaces

95

2.0020

2.0033

2.0397

77 K, from gas phase on Fe(III)
oxide nano clusters trapped in
CO2 matrix

This work

solution [97]. On the other hand, the anisotropic axial symmetry of superoxide with the
literature values for gII (= gz =g3) = 2.037 and g┴ (= gx (g1) =gy (g2)) = 2.003 for the vanadyl ion
in human hemoglobin at 77K or in glassy solution of the superoxide in dipolar solvents at 77 K
corresponds with the data in this work (gII = 2.0397 and g┴ = 2.0033) [98].
3.6.6 Formation of Fe3O4 Nanoparticles
The addition of Fe(III)2O3 nanoparticles to a high sooting 1-MN fuel resulted in the
enhanced formation of carbon-centered radical species and loss of spectral details associated
with the Fe(III)2O3 nanoparticles. The spectral features previously observed at g = 2.00 were
presumably masked by the formation of carbon-centered radicals but the spectral features at g =
4.30 were no longer present. However in some experiments, the introduction of Fe(III)2O3
nanoparticles resulted in the presence of a broad peak at g ~ 9.2, along with soot spectral features
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(cf. Figure 3.35). This peak is associated with the presence of Fe3O4, a mixture of Fe(II)O
species and Fe(III)2O3[31]. Although Fe(II)O is EPR silent with an electronic configuration
[Ar]3d4 with s= 2, Fe(II)O in the presence of Fe(III)2O3 results in a EPR active species. The
EPR spectrum for Fe(II) as Fe3O4 is characterized by a broad signal at a low magnetic field (~
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g-factor

Figure 3.35 Partial reduction of Fe(III)2O3 nanoparticles to Fe3O4, a mixture of Fe(III)2O3
and Fe(II)O, after soot formation.
1000G, g ~ 9.0) [38]. This broad peak has been observed in the literature in magnetite, Fe3O4
10.00

8.00

6.00

4.00

g-factor

[99]. The presence of a broad peak at g ~ 9.2, soot spectral features, and the loss of the spectral
features associated with Fe(III)2O3 nanoparticles indicate a possible reduction of the Fe(III)2O3
upon the formation of soot.
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CHAPTER IV. DISCUSSION
The association of anthropogenic soot emissions with changes in atmospheric visibility,
global climate, and human health has heavily relied on metal-oxide based soot oxidation catalyst
to mitigate and/or eliminate soot yields. Fuel borne catalysts, specifically ferrocene and iron
pentacarbonyl, were evaluated in an attempt to decrease the engine output of soot by directly
oxidizing the soot in the combustion chamber as the iron oxide become embedded in the soot
particles [1]. However, iron oxide nanoparticles formed from these fuel borne catalysts have
been reported to exhibit dichotomous behavior in their ability to both enhance soot formation and
promote soot oxidation.
The general consensus of the studies reporting a decrease in soot yields conclude
enhanced soot oxidation rates through more efficient burnout rather than inhibition [2-5]. For
example, decreased flame velocities, enhanced soot oxidation rates, and promoted soot burnout
all have been reported from the introduction of ferrocene to a flame [5-7]. Conversely, the time
for soot to first appear in the flame and an increase in both soot particle size and number density
have been reported in flames doped with fuel borne catalysts [5, 6, 8].
Fuel born catalysts have been suggested to influence soot formation through molecular
growth of soot at early residence times as a result of condensation reactions at the iron oxide
nanoparticles surface [8, 9]. For instance, in a diffusion flame doped with ferrocene vapor, iron
oxide was found to nucleate prior to soot inception and subsequently served as a soot formation
nuclei for condensation reactions to occur [9]. In another study, increased sooting tendency was
observed after the introduction of ferrocene and was hypothesized to result from induced
nucleation by iron oxide nanoparticles [3]. These iron oxide nanoparticles were suggested to
provide a surface to initiate soot surface growth. Similarly, it was proposed that metallic Fe
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condensed on growing soot particles and catalyzed the formation of PAHs via acetylene addition
reactions [10].
The interaction between these fuel borne catalysts and the aliphatic/aromatic soot
precursors accentuate metal oxide’s contribution to the molecular growth and nucleation of soot.
These interactions are not limited to laboratory studies but have larger implications for soot
formation from internal combustion engines. Metal oxides are available as minor components of
fuel, oil, and result from normal engine wear [5]. Used motor oil was found to contain ppm
quantities of Fe, Cu, and Zn that begin to enter the combustion cylinders through leaking piston
rings as an engine ages [11, 12]. Similarly, a strong correlation has been established between
metals present in diesel fuel and their incorporation into diesel particulate matter [11, 12].
4.1 Chemically Activated Surface Reactions
Along with these studies of fuel borne iron based catalysts, CuO and Fe2O3 have been
recently identified as active contributors to the formation of pollutants. Experiments have
shown Fe2O3 induces chemical reactions resulting in the formation of PAHs as well as
polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/F) from simple aromatic
precursors at temperatures as low as 200˚C [13-15]. Research has demonstrated the mechanism
involves the formation of EPFRs. When the EPFRs are in low concentration in the postcombustion cool-zone, at temperatures < 300˚C, EPFRs can survive and be emitted into the
atmosphere. In high concentrations, in the post-flame, thermal zone, at temperatures of 200-600
˚C, the EPFRs react with other EPFRs or surface adsorbed molecular species to form PAH and
PCDD/F. It was presumed in these previously reported studies that due to the reversibility of the
chemisorption reaction, the molecular precursors would preferentially desorb at temperatures
>600˚C, further reducing the reaction yields. However, chemically activated intermediates, such
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as those formed by chemisorption, can undergo a rapid secondary reaction such as
“polymerization,” resulting in deactivation and stabilization of the initially formed adduct (cf.
Figure. 4.1). Thus, when molecular growth reactions are possible, raising the temperature of the
system can overcome the tendency for the initially formed complex to desorb.

Figure 4.1 Chemically-activated surface reactions demonstrating how subsequent molecular
growth steps can stabilize initially formed surface adducts and lead to high molecular weight
products at elevated temperatures.
Thus at higher temperatures, the initially formed surface species may react with another
species, resulting in the deactivation and stabilization of the initially formed adduct. Raising the
temperature of the system can increase the rate of the surface-induced molecular growth
reactions and overcome the tendency for the initially formed complex to desorb at higher
temperatures. At temperatures above 600 ˚C in the flame and post-flame zones, EPFRs may react
rapidly to form high molecular weight PAH and soot.
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4.2 Fe(III)2O3 Enhanced Soot Formation
Along with gas-phase reactions and PAH polymerization, the formation of surface
associated radical species with redox-active transition-metal nanoparticles must be considered as
a potential route capable of molecular growth of hydrocarbon precursors into soot. The role of
Fe(III)2O3 nanoparticles in the molecular growth and particle inception of soot was determined
from the addition of ~5 nm iron oxide nanoparticles to a high sooting 1-MN fuel. These
nanoparticles were introduced prior to soot inception and could impact the normally gas-phase
reactions of soot formation.
The soot generated from the introduction of 1-MN into Zone 2 of the reactor in the
presence of Fe(III)2O3 nanoparticles was consistent with soot generated from various combustion
sources in both morphology and chemical composition [16-19]. Elemental analysis of the
insoluble fraction indicated that the soot from the dual zone reactor was similar to the elemental
composition of soot generated in flame studies of various hydrocarbon fuels [20]. Soot
generated from the combustion of 1-MN (C11H10) was most similar in chemical composition to
soot from the combustion of diesel fuel, a blend of C10-C19 aliphatic and aromatic hydrocarbons.
TEM images of the particulate morphology and elemental composition provided additional
validation that the soot generated in the dual zone flow reactor was consistent with soot
generated from combustion sources.
The heterogeneous based soot formation model is supported by the current experiments
in which the introduction of Fe(III)2O3 nanoparticles to a high sooting 1-MN fuel resulted in
enhanced soot formation. Induced nucleation of soot by Fe(III)2O3 nanoparticles was observed
in TEM images through subsequent changes in the morphology of the condensable products
from the addition of Fe(III)2O3 nanoparticles. PAHs, characterized by randomly oriented
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amorphous carbon structures, were observed at lower equivalence ratios. Addition of Fe(III)2O3
nanoparticles resulted in a change in the morphology of the condensable products from PAHs to
~20 nm, spherical, semi-crystalline, aggregate chains characteristic of soot at the same fuel/air
equivalence ratio. The transformation from young soot to mature soot by the addition of
Fe(III)2O3 nanoparticles indicates the introduction of Fe(III)2O3 nanoparticles results in induced
nucleation of soot at lower equivalence ratios than purely gas-phase reactions.
Soot mass yields and soot number density were also determined to increase as a function
of Fe(III)2O3 nanoparticle concentration. The number density of particles was found to increase
as a function of introduced Fe(III)2O3 nanoparticle concentration, which correlated with the
increase in soot yield due to iron oxide addition. A 1.5, 1.8 and 2 times increase in number
density of soot was observed from the addition of 0.172, 0.344, and 0.516 ppm Fe respectively.
Introduction of Fe(III)2O3 nanoparticles was also established to increase the radical signal
intensity. A correlation between Fe(III)2O3 nanoparticle concentration and radical concentration
was established. For instance, the radical signal intensity increased by a factor of five from the
addition of 0.516 ppm Fe.
Chemisorption of an organic radical to the metal oxide results in increases stabilization of
the radical in the EPFR pathway. Similarly, radicals were determined to possess a longer 1/e
half-life when soot was generated from the oxidative pyrolysis of 1-MN in the presence of
Fe(III)2O3 nanoparticles. An increase in radical signal intensity was also observed as a result of
Fe(III)2O3 nanoparticle addition. This stabilization is important because this decay has been
associated with initially formed PAH radical species [21]. This association suggests the
Fe(III)2O3 nanoparticles can stabilize the initially formed PAH species such that the radical
species exists longer and the reaction times for molecular growth of soot to occur are increased.
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A correlation between Fe content and radical concentration further suggests Fe(III)2O3
nanoparticles can enhance formation/stabilization of radicals from the oxidative pyrolysis of 1MN.
4.3 Radicals from 1-MN
The identity of the molecular and radical intermediates involved in formation of PAHs,
young soot, and mature soot was elucidated with LTMI-EPR spectroscopy. LTMI-EPR
spectroscopy of soot accumulated from oxidative pyrolysis of 1-MN exhibited new spectral
features commonly not observed with soot but suggested to be superimposed based on the
broadness of the EPR signal associated with soot. Annealing experiments were utilized to
deconvolute the complex radical signal. The EPR signal of soot was determined to be the
superposition of both carbon and oxygen-centered radicals and soot.
The radical signal obtained by the LTMI sampling technique exhibited hyperfine
structure, a spectral feature not typically observed in soot. Although the LTMI technique is
commonly used for gas-phase sampling, the hyperfine structure is believed to result from
paramagnetic intermediates embedded in or attached to the carbon soot matrix. These radicals
can survive by being embedded in or attached to the carbon soot matrix since gas-phase radicals
would be quenched by the low temperature (~85˚C) and increased residence time (~1.5 sec).
Although the hyperfine structure was only observed at 77K, radicals imbedded on the soot
surface would potentially migrate and subsequently dimerize at elevated temperatures. This
dimerization would result in loss of the EPR signal at room temperature. This is also supported
by the growth of soot via PAH addition at the soot edges. Consequently, at lower temperatures
in the quenching zone these organic radicals may be the dominant species and soot yields
increase significantly.
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The hyperfine structure associated with the carbon-centered organic radicals was
determined to be a mixture of the resonance stabilized indenyl, cyclopentadienyl, and
naphthalene 1-methylene radicals. The detection of the resonance-stabilized indenyl,
cyclopentadienyl, and naphthalene 1-methylene radicals further suggests the predominant
pathway of soot formation at low temperatures proceeds through the dimerization of resonance
stabilized radicals instead of HACA mechanisn, a much slower pathway. This also can account
for the continued growth of soot at low temperatures in the absence of hydrogen, the initiator for
the HACA based model of molecular growth.
Early studies of soot formation primarily focused on PAH formation and growth in
flames by the acetylene addition pathways, the most abundant species in flames, the importance
of resonance-stabilized species in aromatic ring formation was realized when the acetylene
model could not account for the yield of soot generated in combustion systems [22]. Fuels
containing cyclopentadienyl moieties were found to have a higher sooting tendency [23]. Based
on experimental findings, cyclopentene was concluded to be converted to benzene by the
reaction of cyclopentadienyl with the methyl radical.
The enhanced stability provided by the resonance-stabilization has led to the general
acceptance of the species as key contributors in the formation of the first aromatic ring,
molecular growth of PAHs, and formation of soot [24-26]. Molecular growth proceeding
phenanthrene and anthracene formation has been shown to result from reactions of naphthalene
with both cyclopentadienyl and indenyl radicals [24, 25, 27]. Although naphthalene was found
to be less reactive than the cyclopentadienyl radical, addition of the cyclopentadienyl radical to
naphthalene resulted in phenanthrene formation. This pathway was found to be the predominant
pathways at low temperatures, but was less favored when compared to the reaction of
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cyclopentadienyl with the indenyl radical [25]. Since naphthalene lacks resonance stabilization ,
the aryl-aryl addition by naphthyl radicals was found to result in much shorter reaction chains,
less reaction channels, and no rearrangements in comparison to the cyclopentadienyl moieties
[24, 25]. These findings demonstrate the predominant pathway to molecular growth and
subsequent soot formation proceeds through the reactions of resonance stabilized radicals. An
increase in the formation of resonance stabilized radicals, such as the indenyl, cyclopentadienyl,
and naphthalene 1-methylene radicals from Fe(III)2O3 nanoparticle addition directly corresponds
to increased molecular growth and formation of soot.
4.4 Zone 1 Nanoparticles
The speciation of iron oxide nanoparticles generated from the Zone 1 reactor and changes
resulting to the iron oxide nanoparticles after subsequent soot formation were important to
fundamentally understanding the role of Fe(III)2O3 nanoparticles in the metal enhanced soot
formation. In the EPFR based model, the highest oxidation state metal is formed in the oxidative
regime of the combustion process. Chemisorption of the radical to the metal site results in the
reduction of the metal oxide. Changes in the oxidation state of Fe(III)2O3 nanoparticles could be
used to further implicate the possibility of heterogeneous reactions contributing to the molecular
growth of soot.
The oxidation of polypropylenimine tetra-hexacontaamine dendrimer complexed with
iron (III) nitrate nonahydrate primarily resulted in the formation of ~5nm Fe(III)2O3
nanoparticles. Fe(III)2O3 was proposed to form in the Zone 1 reactor based solely on the
oxidative environment of Zone 1 and the initial iron (III) nitrate nonahydrate precursor. The
LTMI-EPR technique provided new spectral features with g-factors of 2.03, 2.00, and 1.96 that
have not been reported in the literature for the gas-phase synthesis of iron oxide nanoparticles.
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Control experiments confirmed iron (III) and oxygen actively participates in the formation of the
intermediate species. This triplet spectrum with g-factors of 2.03, 2.00, and 1.96 resembles the
adsorbed superoxide anion-radical (O2•-) on a metal surface site.
Superoxide anion-radical (O2•-) formation and detection predominately occurs at
temperatures lower than room temperature. However, superoxides may also form at room
temperature on metals [28], metal oxide surfaces (in dilute solid solutions) [29, 30], and on the
surface of colloidal TiO2 [31]. In such systems, superoxides on metal oxide surfaces are stable at
room temperature indefinitely. The superoxides are quickly destroyed when the samples are
warmed more than 150oC. The following reversible scheme for superoxide formation may
explain the phenomenon observed in this work in the gas phase, reaction7;

reaction 7

These complexes cannot exist at high temperatures in Zone 1 (700 oC), however, they
may form at lower temperatures. To some extent the equilibrium (1) can be shifted to the right
within cold areas in the Zone 1 (i.e. the quenching zone close to the sampling port were the
temperature is ~ 85oC and after the sampling port where the temperature drops drastically). The
shift of equilibrium to the right (one electron reduction of oxygen to superoxide) can be
dominant at the time of freezing on cold finger. As a consequence, the superoxide adsorbed on
highly stable Fe (IV) intermediate (Complex 2) is detected. Note that the readily accessible high
oxidation state of iron is +4 which is the most stable iron oxo intermediate discussed widely in
many biological processes [32-34] and nonheme environments [33, 35].
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The electron transfer from Fe (III) to adsorbed oxygen, reaction 7 is similar to the natural
process of one electron oxidation of Fe (II) based human hemoglobin in a biological
environment[36, 37]. The occurrence of reaction 7 leads to the formation of weak signal of 3
lines always detected from different iron (III) sources in the presence of oxygen. The weakness
of the spectrum is in contrast of the intense EPR signal of adsorbed superoxide radicals on
transient metals produced under different types of irradiation which promotes superoxide
formation yielding a good EPR signal/noise ratio
The feature of the second constituent of the triplet spectrum is not implicitly conclusive.
The experiments with 57Fe doped nanoparticles demonstrate the participation of the intermediate
iron species in the formation of three asymmetric lines. Additional research is needed to clarify
the nature of iron based peak at g = 1.966, however; it should be noted the unidentified nature of
high field EPR spectrum similar to peak (c) in superoxide detection experiments at g = 1.977
[38] and g = 1.992 [39] found in the literature. Note that Fe (IV) is EPR silent and not readily
detected at low CW frequencies (9.516 GHz) at its low (S=1) or high spin (S = 2) levels.
Therefore, due to the one electron transfer from Fe(III) to oxygen, an intermediate Fe(IV)
with superoxide adsorbed on that site in the form of Fe (IV) — O2• - may form at quenching areas
in Zone 1 of the dual zone reactor. The formation of the superoxide radical on an intermediate
Fe(IV) opens future development about catalytic capability of iron containing catalysts
specifically in the gas phase. The Fe (IV) — O2•- intermediate can easily abstract hydrogen from
reagents converting to highly active iron containing peroxide by the scheme presented in reaction
8.
Fe (IV) ---- O2• - + RH  Fe (IV) — O-O-H +R•
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reaction 8

The peroxides are well known intermediate species and an initiator of chain reactions (cf.
reaction 9).
Fe (IV) — O-O-H  Fe (IV) — O• +•OH

reaction 9

Iron (IV) oxo radicals, Fe (IV)—O•, and most importantly hydroxyl radicals can enhance
any chemical oxidation/pyrolysis reactions and can account for the increased radical signal
observed with increasing Fe(III)2O3 nanoparticles addition as has been observed in soot
formation processes during the oxidative pyrolysis of 1-MN.
Changes in the oxidation state of Fe(III)2O3 nanoparticles could be used to further
implicate the possibility of heterogeneous reactions contributing to the molecular growth of soot.
The addition of Fe(III)2O3 nanoparticles to a high sooting 1-MN fuel resulted in the enhanced
formation of carbon-centered radical species and loss of spectral details associated with the
Fe(III)2O3 nanoparticles. However, in some experiments, the introduction of Fe(III)2O3
nanoparticles resulted in a observable spectral feature at g ~ 9.2, along with soot spectral
features. This peak is characteristic of Fe3O4, a mixture of Fe(II)O and Fe(III)2O3. The partial
reduction of Fe(III)2O3 nanoparticles to Fe3O4 upon the formation of soot further suggests an
interaction between the radical soot precursors and the nanoparticle surface. This interaction
resulted in stabilization of the radicals on the nanoparticle surface and enhances the soot
formation process.
4.5 Heterogeneous Based Model of Soot Formation
The research described herein proposes redox-active transition metal nanoparticles can
mediate formation of surface-stabilized radicals and resultant surface-mediated, radical-radical
and/or radical-molecule, molecular growth, which may contribute to PAH and soot formation.
Radicals are formed by initial physisorption, followed by chemisorption to a metal site, and
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electron transfer from the organic sorbate to the metal to form an organic EPFR and a reduced
metal. (cf. Figure 4.2, Path A). The formation of stabilized free radicals and reduction of the
metal has been demonstrated in previous studies for hydroquinone, catechol, chlorinated phenols,
chlorinated benzenes on copper-oxide surfaces under post-flame, cool-zone conditions [13-15,
40]. After formation of the initial radicals, successive radical-molecule or radical-radical
reactions contribute to the molecular growth to form PAHs and soot.
Toluene and naphthalene have been reported to interact with metal and metal oxide
surfaces by the charge transfer from the π orbitals of the aromatic ring to the metal center,
suggesting a parallel orientation of the reacting molecule with the surface [41-43] (cf. Figure 4.2,
Path B). Hydroxylated metal oxide surfaces interact with the aromatic ring through OH-π
electrons back-bonding [44]. These interactions lead to the destabilization of the aromatic ring
and substituent groups and result in surface assisted hydrogen abstraction [42, 43]. These
initially formed radicals may react directly or tautomerize to form more stable radicals,
oxygenated species PAHs, and soot [41-44]. Decomposition may also occur via either pathway
to form purely aromatic radicals and carbonyls (cf. Figure 4.2, Path C).
Although this mechanism has not been proposed for soot formation, studies have shown
the surface oxidation state of Fe2O3 nanoparticles undergo a reduction while the core
composition remained unchanged under high soot conditions in a laminar ethylene-air diffusion
flame seeded with iron pentacarbonyl [45].

A surface layer of Fe+2 resulted from the addition

of acetylene to combustion-synthesize iron oxide nanoparticles. These iron oxide nanoparticles
were encapsulated by large carbon layers and could not be exposed to the oxidative environment.
In comparison, iron oxide nanoparticles covered with a thin layer of carbon experienced
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Figure 4.2 Pathways of radical formation from 1-methylnaphthalene by chemisorption and
electron transfer to a metal oxide surface.
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oxidative conditions resulting in the carbon being burned off at high temperatures and full
oxidation to Fe2O3 nanoparticles.
The iron-oxide nanoparticles became incorporated into the soot matrix or agglomerated
on the soot surface leading to the formation of active sites for both soot surface growth and soot
oxidation to occur. The presence of a surface layer of Fe+2 is consistent with current EPR
experiments in the addition of Fe(III)2O3 nanoparticles to a high sooting 1-MN fuel under
oxidative pyrolysis conditions. A broad peak observed at g ~ 9.2 and the loss of the spectral
features associated with Fe(III)2O3 nanoparticles indicate a reduction of the Fe(III)2O3 upon the
formation of soot. Whereas, accumulation of Fe(III)2O3 nanoparticles continued after removal of
the soot from the Dewar cold finger at 900˚C.
Enhanced radical formation, stabilization of radical species with the addition of
Fe(III)2O3 nanoparticles, and partial reduction of Fe(III)2O3 nanoparticles upon the formation of
soot support the hypothesis of Fe(III)2O3 nanoparticle mediated molecular growth and particle
inception of soot from the oxidative pyrolysis of 1-MN. The Fe(III)2O3 nanoparticles stabilize
the radical species such that at high concentrations in the flow reactor, the resonance–stabilized
free radicals can undergo surface-mediated, radical-radical, molecular growth reactions and
contribute to molecular growth of PAHs and soot. Further reactions between PAHs and gasphase species result in the transition from gas-phase species to solid particles. Conclusive
identification of resonance stabilized persistent free radicals under post-flame conditions provide
direct evidence that species are available for continued molecular growth even in the absence of
gas-phase free radicals. This heterogeneous persistent free radical pathway provides an
understanding of molecular growth of soot in the absence of gas-phase free radicals in the post
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flame regions of the flame where gas-phase free radicals are not available for H-abstraction and
thus no further molecular growth of soot.
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CHAPTER V. CONCLUSIONS
This new method of metal-oxide nanoparticle generation and pyrolysis of 1-MN in a dual
zone reactor has provided a method for studying molecular growth and particle nucleation in the
presence of redox-active, transition metal-oxide clusters. Zone 1 generated the metal oxide
nanoparticles in situ from the oxidation of a generation 4 polypropylenimine tetrahexacontaamine dendrimer complex with iron (III) nitrate nonahydrate (Fe(NO3)3∙9H2O). The
dendrimer templating technique was successfully employed as a structure directing template to
provide control of the size and stability of nanoparticles generated from the collapse of the core
structure. Preparation of nanoparticles using a dendrimer template provided a high yield of
specific size nanoparticles that are stabilized by encapsulation and therefore do not agglomerate
or precipitate from solution. Oxidation of the generation 4 polypropylenimine tetrahexacontaamine dendrimer complex with iron (III) nitrate nonahydrate (Fe(NO3)3∙9H2O) resulted
in the formation of ~5 nm Fe(III)2O3 nanoparticles as determined with microscopy of the
thermophoretically trapped nanoparticles. LTMI-EPR spectroscopy was successfully used to
confirm the oxidation of the generation 4 polypropylenimine tetra-hexacontaamine dendrimer
complexed with iron (III) nitrate nonahydrate (Fe(NO3)3∙9H2O) primarily resulted in the
formation of Fe(III)2O3 nanoparticles . Along with Fe(III)2O3 detection, the highly unstable
superoxide anion-radical (O2•-) adsorbed on a metal was detected. Although the speciation of
iron associated with the superoxide anion-radical (O2•-) cannot be confirmed, the superoxide
anion-radical can easily abstract hydrogen and initiate chain reactions These iron oxide species
are capable of both enhancing radical formation and stabilization of the radical intermediates.
Zone 2 of the dual zone reactor was utilized to generate soot from the oxidative pyrolysis
of 1-MN. The design of dual zone reactor system was such that soot could be generated in the
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presence and absence of Fe(III)2O3 nanoparticles. Thus, soot generated in the absence of
Fe(III)2O3 nanoparticles served as the experimental control and provided a method to study the
influence of Fe(III)2O3 nanoparticle addition on the molecular growth and particle inception of
soot. Soot generated from the introduction of 1-MN into Zone 2 of the reactor was found to be
consistent with soot generated from various combustion sources in both morphology and
chemical composition. TEM images revealed the small spherical particles and globular
coalesced aggregates of ~30 nm in diameter accumulated into chains of several hundred
nanometers in length characteristic of soot. Elemental analysis of the insoluble fraction indicated
that the soot generated from the oxidative pyrolysis of 1-MN was comparable to soot generated
from other hydrocarbon fuels in flame studies. Soot generated from the oxidative pyrolysis of 1MN (C11H10) was comparable in chemical composition to soot from the combustion of diesel
fuel, a blend of C10-C19 aliphatic and aromatic hydrocarbons.
The role of Fe(III)2O3 nanoparticles in the molecular growth and particle inception of
soot was determined from the addition of ~5 nm Fe(III)2O3 nanoparticles to a 1-MN fuel under
oxidative pyrolysis conditions (Φ=2.5). These nanoparticles were introduced prior to soot
inception and could impact the normally gas-phase reactions of soot formation from 1-MN.
Morphology studies of the condensable products generated from 1-MN in the presence and
absence of Fe(III)2O3 nanoparticles at various fuel/air equivalence ratios clearly demonstrated
Fe(III)2O3 nanoparticles ability to actively participate in the soot formation process. The
introduction of Fe(III)2O3 nanoparticles resulted in induced formation of soot at lower
equivalence ratios than purely gas-phase reactions as well as increased agglomeration and larger
soot particles from Fe(III)2O3 nanoparticle addition. The number density of soot was also
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established to increased as a function of introduced Fe(III)2O3 nanoparticle concentration, which
correlated with the increase in soot yield due to Fe2O3 addition.
Introduction of Fe(III)2O3 nanoparticles to a high sooting 1-MN fuel also resulted in
enhanced formation of the resonance-stabilized indenyl, cyclopentadienyl, naphthalene 1methylene radicals and promotion of soot. The enhanced stability provided by the resonancestabilization had led to the general acceptance of the species as key contributors in the formation of the
first aromatic ring, molecular growth of PAHs, and soot formation. Thus, the observation of increased

formation of resonance-stabilized radicals suggests Fe(III)2O3 nanoparticles can promote the
formation of intermediate radicals and potentially stabilize these radicals at the nanoparticle
surface. The radical concentration was found to be dependent on the Fe(III)2O3 nanoparticle
concentration and was also found to increase the stability of the radical species.
A partial reduction in the Fe(III)2O3 nanoparticles was observed by the formation of
Fe3O4 , a mixture of Fe(II)O and Fe(III)2O3, following soot formation. A partial reduction of the
metal oxide, upon the addition of a hydrocarbon soot precursor, further suggests the EPFR-based
model may be applicable to the molecular growth of soot in the presence of redox-active
transition metal nanoparticles.
Increased radical and soot formation, increased stability provided by the addition of the
Fe(III)2O3 nanoparticles, and the partial reduction of the Fe(III)2O3 nanoparticles to Fe3O4
suggests redox-active transition metal nanoparticles are active participants in the formation of
soot. Along with gas-phase reactions and PAH polymerization, the formation of surface
associated radical species with redox-active transition-metal nanoparticles must be considered as
a potential route capable of molecular growth of hydrocarbon precursors into soot. In regions of
poor fuel-air mixing, where there are limited chances for oxidation, Fe(III)2O3 can be initially
reduced through reactions with substituted PAHs to form reduced iron and larger PAHs that
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coalesce into soot. Fe(III)2O3 nanoparticles can mediate the formation of surface-stabilized
radicals and, through subsequent surface-mediated, radical-radical and/or radical-molecule
molecular growth, impact the mechanism of PAH formation, soot particle inception, and surface
growth in hydrocarbon combustion systems.
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CHAPTER VI. PROPOSALS FOR FUTURE WORK
The projects proposed are a continuation of this research and would further support the
hypothesis of Fe(III)2O3 nanoparticle mediated molecular growth and particle inception of soot
from the oxidative pyrolysis of 1-MN. These studies would be intended to further understand the
speciation of iron oxide associated with the superoxide anion radical, evidence of Fe(III)2O3
nanoparticles incorporation into the soot matrix ,organic radical reaction pathways resulting in
enhanced soot formation, and the direct influence of Fe(III)2O3 nanoparticles on the soot
formation process. The most pertinent questions are related to the iron oxide nanoparticles
generated in the Zone 1 Reactor.
6.1 Generation of Superoxide Anion Radical with Oxygen-17O
The oxidation of generation 4 polypropylenimine tetra-hexacontaamine dendrimer
complexed with iron (III) nitrate nonahydrate in Zone1 of the dual zone reactor resulted in
Fe(III)2O3 nanoparticle generation and O2•- bound at the iron surface. To further conclude the
paramagnetic species is the superoxide anion radical, the dendrimer complexed with iron (III)
nitrate nonahydrate will be introduced into Zone 1 at 85µL/h while the reactor is maintained at
700˚C. Oxygen-17O labeled gas will be introduced at 4.6 cc/min by a mass flow controller. This
flow will ensure the same concentration of oxygen within the system as previous experiments.
The residence time will be maintained by increasing the flow rate of N2 to 50.4 cc/min.
The sample will be collected will be collected on the Dewar cold-finger from the outlet of
Zone1 and subjected to EPR analysis. The Oxygen-17O labeling will induce hyperfine
interaction theoretically generating a six-line hyperfine pattern due to the singly labeled
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O17O-

radical [I (17O) = 5/2], with as second superimposed 11-line hyperfine pattern due to doubly
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labeled 17O17O- radical [1]. These experiments should provide conclusive evidence of the
adsorption of superoxide anion radical (O2•- ) bound at the iron surface.
6.2 Mossbauer Spectroscopy of

57

Fe labeled Nanoparticles

The Fe(III)2O3 nanoparticles and paramagnetic iron intermediates generated in the Zone 1
of the dual zone reactor from 57 Fe labeled Fe2O3 nanoparticles would be ideally suited for
analysis by Mossbauer spectroscopy. Briefly, Mossbauer spectroscopy can provide information
about the chemical environment of the absorbing nuclei in a solid material and relies on the
recoilless gamma ray emission and absorption by a source and a sample of the same element [2,
3]. In practice, a 57 Fe source is accelerated through a range of velocities to produce a Doppler
effect and scan the gamma ray energy through a given range. A Mossbauer spectrum represents
a plot of the gamma ray intensity as a function of the source velocity [4]. At resonant energy
levels of the sample, gamma rays are absorbed and appear as decrease in the measured intensity
[5]. The number, positions, and changes in intensity can be utilized to identify the chemical
environment of the 57 Fe species. A 57 Fe source is commonly used because of it emits low
energy gamma-rays and has a long-lived excited state [4]. Mossbauer spectroscopy would be
utilized to understand the chemical speciation of 57 Fe labeled Fe2O3 nanoparticles, iron oxide
paramagnetic intermediate associated with the superoxide anion radical, and iron oxide species
present in soot previously observed with the EPR matrix isolation technique.
6.3 Electron Microscopy of Fe(III)2O3 Nanoparticles in Soot
Electron microscopy (TEM) coupled with electron energy loss spectroscopy (EELS) will
be utilized to investigate the oxidation state of iron oxide nanoparticles present in soot from the
oxidative pyrolysis of 1-MN. Soot generated from the oxidative pyrolysis of 1-MN in the dual
zone reactor has been extensively examined with TEM microscopy. However, after the
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examination of numerous samples, no iron oxide nanoparticles have been observed on the soot
surface. It was implied that no iron oxide nanoparticles would be present on the surface because
the experimental design ensured nanoparticles were incorporated into the soot matrix. Although,
darker agglomerates are visible in the TEM images, no confirmation can be made by XRD and
these darker agglomerates are most likely result from staking of carbon.
In order to circumvent these experimental issues, soot will be generated in the presence
of Fe(III)2O3 nanoparticles from 1-MN at low soot concentrations. The low soot concentrations
obtained under more oxidative conditions provide a method to study the interaction of Fe(III)2O3
nanoparticles with soot precursors without the nanoparticles being incorporated into the soot
matrix. Samples will be thermophoretically trapped from the end of the dual zone reactor on a
400 mesh Holey Carbon Coated Gold TEM grid. Electron microscopy will be utilized to
examine the soot for the presence of iron oxide nanoparticles. Once the iron oxide nanoparticles
are identified, EELS will be utilized to investigate the oxidation state of iron oxide nanoparticles
at the soot interface. The iron L23- and the oxygen K-edges will be examined to determine if
changes in oxidation state occur as a result of interaction of the Fe(III)2O3 nanoparticles with the
carbon species. Nanomaterials of several phases of iron oxide will be used as standards. A
chemical shift of the L3 and L2 iron lines, a significant reduction of the L3:L2-intensity ratio, and
the reduction in the pre-edge peak of the oxygen K-edge are all indicative of an Fe2+ oxidation
state [6].
These experiments will also be performed with larger nanoparticles to ensure the
nanoparticles are visible in the electron micrographs. Both higher generation and under doped
dendrimers will be employed to increase the particle size of the Fe(III)2O3 nanoparticles. Soot
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will also be generated from the addition of ferrocene and iron pentacarbonyl directly to the 1MN fuel.
6.4 Fe(III)2O3 Nanoparticles Influence on Nucleation Mode Particles
The size distribution of Fe(III)2O3 nanoparticles will be manipulated by the use of
different dendrimer generations, dendrimer loading, and the use Fe(CO)5 and Fe(C5H5)2. This
will result in Fe(III)2O3 nanoparticles ranging in size from 2 -100 nm. Fe(III)2O3 nanoparticles
will generated in Zone 1 of the dual zone reactor . Upon exit of Zone 1, these nanoparticles will
be introduced to the 3085 electrostatic classifier to select a specific size Fe(III)2O3 nanoparticle.
The size selected Fe(III)2O3 nanoparticles will then be introduced to the high sooting 1-MN fuel
to directly affect the growth of the nucleation mode particles. The residence time of the Zone 2
reactor will be decreased ( < 0.1 sec) to ensure no agglomeration of the soot particles will occur
and only nucleation mode soot particles are present. The size distribution and number density of
the nucleation mode particles will then be monitored with the 3081 electrostatic classifier
equipped with the condensation counter. The premise being the size of the Fe(III)2O3
nanoparticles will directly affect the size distribution of the resulting nucleation mode particles.
Since Fe(III)2O3 nanoparticles nucleate prior to soot formation, these nanoparticles should serve
as a condensation nuclei for the formation of soot. If these nanoparticles serve as condensation
nuclei and subsequently become encapsulated by soot, then nucleation mode particles size
distribution should be directly proportional to the size of the introduced Fe(III)2O3 nanoparticles.
6.5 Reactions of the Indenyl and Cyclopentadienyl Radical
Dicyclopentadiene , a source of the cyclopentadienyl radical will be generated by heating
the dicyclopentadiene to 34˚C to obtain the liquid form [7]. The liquid dicyclopentadiene will
then be introduced with a syringe pump to the Zone 2 reactor maintained at 1100˚C. Products
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from the oxidative pyrolysis of dicyclopentadiene will be analyzed using LTMI-EPR
spectroscopy. Indene, a source of the indenyl radical, will then be introduced with a syringe
pump to the Zone 2 reactor maintained at 1100˚C [8]. Similarly, products from the oxidative
pyrolysis of indene will be analyzed using LTMI-EPR spectroscopy. The data for the indenyl
radical will be compared against the theoretical spectrum for the indenyl radical obtained with
DFT calculations and simulation through Simfonia. The indenyl radical and cyclopentadienyl
radical will then be introduced into a flow reactor with the temperature varied between 4001000˚C while maintaining a 2 sec residence time under oxidative pyrolysis conditions. The
radicals produced from the reaction of the cyclopentadienyl radical and indenyl radical will
determined by LTMI-EPR spectroscopy. The reaction pathways and intermediates resulting in
phenanthrene formation from the addition of the cyclopentadienyl radical and indenyl radical
will be applied to understand the molecular growth pathways associated with soot formation.
This study will support the current studies of 1-MN in which the indenyl and cyclopentadienyl
radical were identified as the major resonance stabilized species.
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